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Abstract Solar cycle 24 is notable for three features that can be found in previous cycles but which have
been unusually prominent: (1) sunspot activity was considerably greater in the northern/southern
hemisphere during the rising/declining phase; (2) accumulation of open solar ﬂux (OSF) during the rising
phase was modest, but rapid in the early declining phase; (3) the heliospheric current sheet (HCS) tilt showed
large ﬂuctuations. We show that these features had a major inﬂuence on the progression of the cycle. All ﬂux
emergence causes a rise then a fall in OSF, but only OSF with foot points in opposing hemispheres progresses
the solar cycle via the evolution of the polar ﬁelds. Emergence in one hemisphere, or symmetric emergence
without some formof footpoint exchangeacross theheliographicequator, causespolewardmigratingﬁeldsof
both polarities in one or both (respectively) hemispheres which temporarily enhance OSF but do not advance
the polar ﬁeld cycle. The heliospheric ﬁeld observed near Mercury and Earth reﬂects the asymmetries in
emergence. Usingmagnetograms, we ﬁnd evidence that the poleward magnetic ﬂux transport (of both
polarities) ismodulated by theHCS tilt, revealing an effect onOSF loss rate. The declining phase rise inOSFwas
caused by strong emergence in the southern hemisphere with an anomalously low HCS tilt. This implies the
recent fall in the southern polar ﬁeld will be sustained and that the peak OSF has limited implications for the
polar ﬁeld at the next sunspot minimum and hence for the amplitude of cycle 25.
Plain Language Summary There is growing interest in being able to predict the evolution in solar
conditions on a better basis than past experience, which is necessarily limited. Two of the key features of the
solar magnetic cycle are that the polar ﬁelds reverse just after the peak of each sunspot cycle and that the
polar ﬁeld that has accumulated by the time of each sunspot minimum is a good indicator of the amplitude of
the following cycle. Thus, understanding the evolution of the polar ﬁelds becomes crucial. We here use
observations of the magnetic ﬁelds at the surface of the Sun and from satellites near Earth and Mercury, to
identify how three unusually pronounced features of the most recent solar cycle have revealed that not all
the magnetic ﬂux emerging in sunspot regions progresses the evolution of the polar ﬁelds. The results have
important implications for our understanding and prediction of the long-term evolution of the Sun and the
“space climate” it produces near Earth, which will inﬂuence the design and performance of several of
humankind’s operational systems such as spacecraft, long pipelines, and power grids.
1. Introduction
The importance of ﬂux transport in the solar photosphere and corona was ﬁrst recognized by Leighton [1964],
as discussed in a review of the development of the concepts by Sheeley [2005]. Evolution of photospheric ﬂux
is predicted by numerical models which follow magnetic ﬂux tubes that have emerged through the photo-
sphere in “bipolar magnetic regions” (BMRs) [Harvey and Zwaan, 1993] and evolve under the combined
effects of differential rotation, meridional ﬂow, and diffusion resulting from quasi-stochastic granular and
supergranular motions. These motions in the photosphere are plasma dominated (the plasma β parameter
being high) and essentially two dimensional. The development of photospheric ﬂux transport models was
through a long series of contributions [e.g., DeVore et al., 1984; Sheeley et al., 1985, 1987; Wang and
Sheeley, 1989; van Ballegooijen et al., 1998]. The photospheric ﬂux transport sets the inner boundary condi-
tions for the evolution of the coronal magnetoplasma which is dominated by the magnetic ﬁeld (low β)
and is three dimensional in nature. The coronal ﬁeld evolves through advection, the expansion/contraction
of ﬁeld line loops, and magnetic reconnections which exchange photospheric ﬁeld line foot points and facil-
itate removal of magnetic ﬂux and helicity through the outer coronal boundary (i.e., into the solar wind)
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[Wang et al., 2000; Mackay et al., 2002; Mackay and Lockwood, 2002; Schrijver et al., 2002; Mackay and Yeates,
2012; Jiang et al., 2014].
Whereas photospheric ﬁelds can be measured by magnetographs from Zeeman splitting of emission lines,
coronal ﬁelds have to be inferred from images of plasma on ﬁeld line loop structures and/or modeled from
the knowledge of the ﬁeld in the photosphere. The most commonly used model is the “potential ﬁeld source
surface” (PFSS) [Schatten et al., 1969; Altschuler and Newkirk, 1969; Schatten, 1999], which makes a number of
assumptions. This involves solving Laplace’s equation within an annular volume above the photosphere in
terms of a spherical harmonic expansion, the coefﬁcients of which are derived from Carrington maps of
the photospheric magnetic ﬁeld (i.e., maps assembled over an entire solar rotation): hence, a major assump-
tion is that there are no temporal variations within the 27 days taken to build up the map. This method also
assumes that there are volume currents but no sheet currents in the corona (an assumption needed so as to
allow unique solutions in closed form). To eliminate the possibility that such simple harmonic expansions
would result in all of the magnetic ﬁeld lines returning to the Sun within a small heliocentric distance, the
outer coronal ﬁeld is required to be radial. Despite its many assumptions and obvious limitations, PFSS has
been very helpful in the study of a wide range of solar and heliospheric phenomena [see review by
Mackay and Yeates, 2012]. In essence, PFSS yields the equilibrium conﬁguration that the corona is heading
toward for a given distribution of photospheric ﬁeld rather than the time-dependent corona that is evolving
toward that equilibrium: “magnetofrictional” models [Yeates et al., 2008, 2010] have been developed to try to
address this and often use photospheric ﬂux transport models to give input Carringtonmaps of photospheric
ﬁeld of greater time resolution than 27 days. Note that in the present paper we do make use of PFSS but only
in one context and that is to quantify the tilt of the main heliospheric current sheet (HCS): this application will
be discussed in section 2.
Some of the basic mechanisms behind the 22 year “Hale” cycle evolution of solar magnetic ﬁelds were
proposed by Babcock [1961], Leighton [1969] and Parker [1955]. Each sunspot cycle begins with a poloidal
seed ﬁeld which threads the solar interior and is seen in the photosphere and corona near the poles of the
Sun. Differential rotation converts this poloidal ﬁeld into a toroidal conﬁguration somewhere below the
photosphere. The toroidal ﬁeld generated has opposite senses in the two hemispheres. Thus, when the ﬁeld
rises up through the photosphere (emerges) in BMR loops, the leading associated sunspots (and active-
region faculae) will have opposite ﬁeld polarities in the two hemispheres, as is observed (Hale’s polarity
law). These polarities reverse with each new solar cycle, telling us that the toroidal ﬁeld has swapped polarity,
as has the initial “seed” poloidal ﬁeld. Because of buoyancy considerations for the large ﬁeld strengths seen in
BMRs, generation and storage of the toroidal ﬁeld is now thought to take place in an “overshoot layer” just
below the convection zone proper where the differential rotation of the convection zone penetrates down
into the top of the radiative zone [e.g., Nandy and Choudhuri, 2002].
As the ﬂux rises through the convection zone, plasma parcels and their frozen-in toroidal ﬁeld are twisted by
the Coriolis force (the “α effect”, introduced by Parker [1955]), which generates a north-south (poloidal)
component from the erupting toroidal ﬁeld and causes the trailing sunspots to be at a higher latitude than
the leading spots, as is observed for most BMRs (Joy’s law). The angle between the line connecting the
centers of linked spots of opposite polarity and the line of constant heliographic latitude, caused by the α
effect, is called the “sunspot tilt angle.”
These early studies of the behavior of solar magnetic ﬁelds do not, by any means, add up to a full understand-
ing of their evolution and behavior. However, they do give insights that are useful to the present study. First,
emergence of BMRs peaks at middle latitudes where the latitudinal gradient of rotation rate is greatest (and is
low at the solar rotational (heliographic) equator where this gradient is zero). This means that most BMRs are
formed with foot points in the same solar hemisphere and other processes are required to generate any open
ﬂux loops that have one foot point in each hemisphere. Second, the sunspot tilt angle means that the ﬁeld of
the polarity of trailing sunspots is generally at higher latitudes and so it is harder for that polarity to migrate
against the poleward meridional ﬂow (see next paragraph) and move into the opposite hemisphere. This
paper will investigate the signiﬁcance of these insights for OSF evolution.
As the solar cycle progresses, the magnetic ﬁeld of active regions is dispersed by turbulent convection and
tends to migrate poleward under the meridional ﬂow of the foot points rooted in the upper convection zone
[Giles et al., 1997; Wang et al., 2002] and also via foot point exchange of ﬁeld lines caused by reconnection
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with small loops of ﬂux [Wang and Sheeley, 2004]. These transport mechanisms lead to the accumulation of
magnetic ﬂux of the polarity of the trailing spots at high solar latitudes, eventually reversing the polarity of
the polar ﬁelds which therefore then have the right sense to be the “seed ﬁeld” for the next solar cycle.
While this evolution from BMRs to poloidal polar ﬂux is ongoing, the loops also rise through the solar corona,
emerge through an arbitrarily deﬁned surface at the top of the corona, and enter the heliosphere, where they
are “frozen-in” in the supersonic and super-Alfvénic solar wind and so dragged away from the Sun. The
surface is called the “coronal source surface” and is often taken to be a heliocentric sphere of radius r = 2.5
R⊙, where R⊙ is a mean solar radius: in the PFSS modeling, this is where the ﬁeld is assumed to be radial.
Flux that has emerged through the coronal source surface is deﬁned to be “open solar ﬂux” (OSF).
Observationally, new OSF appears to be primarily the result of closed loops dragged out by eruptive coronal
mass ejection (CME) activity [Owens and Crooker, 2006, 2007]: although rising ambient coronal loops would
serve the same purpose and their contribution is difﬁcult to quantify. The total OSF rises and falls over each
solar cycle and also shows long-term secular variation [Lockwood et al., 1999, 2009b].
It has been demonstrated empirically that the magnitude of the polar ﬁeld at each sunspot minimum
controls, somewhat directly, the magnitude of the subsequent solar cycle [Svalgaard et al., 2005; Petrovay,
2010; Schatten and Pesnell, 2012; Muñoz-Jaramillo et al., 2013; Cameron et al., 2014], and this is the basis of
the several empirical methods for predicting the amplitude of the upcoming sunspot cycle based on solar-
terrestrial conditions during the prior sunspot minimum. This being the case, the variability of solar activity
from one cycle to the next must arise from variability in the percentage of the ﬂux emerging through the
photosphere in sunspot regions that is able to evolve all the way to the polar coronal holes at the end of
the cycle. Thus, there has been much recent debate as to the origin of this variability. Wang et al. [2002]
discussed the role of variations in the speed of the meridional circulation. The numerical ﬂux transport
models [e.g.,Mackay et al., 2002,Mackay and Lockwood, 2002] also show effects of sunspot tilt angle because
it inﬂuences the foot point velocity difference caused by differential rotation, and Cameron et al. [2014] inves-
tigated the role of sunspot tilt angle on polar ﬁeld growth and hence on the subsequent solar cycle.
Dasi-Espuig et al. [2010] had found a relation between the mean active region sunspot tilt angle of a given
cycle and the strength of next cycle, a result that was questioned by McClintock and Norton [2013].
Dasi-Espuig et al. [2013] did correct their results which weakened the anticorrelation found somewhat but
did not remove it.
In this paper we present evidence that other factors also contributed to the variability in the polar OSF.
2. Flux Circulation in the Corona and Heliosphere
The possible latitudinal evolution paths of open solar ﬂux (OSF) were illustrated, collectively in the schematic
Figure 36 of Lockwood [2004]. Figures 1–5 of the present paper consider the possible classes of evolution path
and the variations in OSF that each contributes, individually. It must be noted that these are clearly two-
dimensional sketches of an inherently three-dimensional solar corona and that longitudinal structure will
almost certainly add complexity. However, in this paper, it is never assumed that the ﬁeld line loops lie in
meridian planes and so the fact that, in reality, they have various extents in the longitudinal direction is of
no consequence and does not inﬂuence the arguments made.
Figure 1 shows the effect of OSF emergence that is the same in both the northern and southern
hemispheres and at a rate which is matched by the rate of ﬂux disconnection by magnetic reconnection
taking place in the heliospheric current sheet (HCS). The upper sequence (part A) shows the evolution
for the rising phase of cycle 24, and the lower sequence (part B) is that for the declining phase of the cycle,
after the polar ﬁelds have ﬂipped polarity. For sequence A, the polar ﬁelds point toward/away from the Sun
in the Northern/Southern Hemispheres but the converse is true for sequence B. In each frame, the solid cir-
cle is the photosphere and the dashed circle is at r = rC, the critical heliocentric distance where the solar
wind ﬂow becomes super-Alfvénic. The grey line in Figure 1 is the HCS. Note that the schematics in
Figure 1 select Carrington longitudes at which the HCS is near the solar equator and that at other
longitudes the HCS will be at higher latitudes (especially around sunspot maximum). The reason for this
choice is discussed below. The HCS is shown as extending as a coherent single sheet outside the source
surface (which is generally taken to be at r = 2.5 R⊙ whereas rC is typically between 10 R⊙ and 20 R⊙).
Below the source surface, the HCS increasingly breaks up into a network of smaller current sheets with
Journal of Geophysical Research: Space Physics 10.1002/2016JA023644
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decreasing r and so is depicted as a broadening and in lighter grey (as current densities decrease). This is as
envisagedbyAntiochos et al. [2011]whendiscussing the origins of the slow solarwind. TheOSF contribution of
the ﬁeld lines shown in each schematic is given in the panels underneath both sequence A and sequence B. A
fraction of the ﬁeld that emerges through the photosphere in BMRs evolves upward to thread the coronal
source surface becoming, by deﬁnition, OSF. This is shown happening in Figures 1b, 1h, and 1i. In the case
presented in Figure 1, all these emerged OSF loops reconnect where opposite polarity ﬁeld meets at the
HCS (grey line). The only relevant reconnection takes place at heliocentric distances at which the solar wind
ﬂow is sub-Alfvénic (i.e., at r < rC) which results in the disconnected ﬂux being dragged out into the
heliosphere by the solar wind and the sunward loop collapsing back toward and below the photosphere,
against the solar wind ﬂow and under the action of the magnetic curvature force. These sunward ﬂow
events have been observed in coronal images and have been interpreted in terms of ﬂux disconnection
events [Sheeley and Wang, 2002, 2007]. These disconnections halve the newly emerged OSF. The importance
of the magnetic reconnection taking place close enough to the Sun for the ﬂow to be sub-Alfvénic is that,
otherwise, the loop to the sunward side of the reconnection site is also pulled away from the Sun and the
OSF is not altered: indeed, because in such cases no information about the reconnection could propagate
back to the source surface or photosphere, it would have no relevance to the evolution of coronal or
photospheric ﬁelds.
Figure 1. Schematics of the evolution of magnetic ﬂux in heliographic latitude and heliocentric distance. North is to the top of each panel. The solid circle represents
the solar photosphere and the dashed circle the critical surface where the ﬂow becomes super-Alfvénic. The grey line is the heliospheric current sheet (HCS)
which breaks up into a network of smaller sheets in the solar corona. Note that the HCS is shown at low latitudes not because solar activity is considered to be low
(when the HCS ﬂat and quite well aligned with the solar equator) but because Carrington longitudes have been selected for display at which the HCS crosses the
solar equator: this is because both theory and observations show that the OSF disconnection rate in the HCS will peak there because of the large inclinations of the
HCS on the Carrington latitude-longitude map at such points. Arrows on lines give the ﬁeld direction; solid arrows give the motion of the ﬁeld lines and the dots
reconnection sites at which the solar wind ﬂow is sub-Alfvénic (so that disconnected ﬂux is carried out into the heliosphere and the connected loop collapses
back toward the Sun). Sequence A (panels a to f) is for early in solar cycle 24 before the polar ﬁeld has ﬂipped direction; Sequence B (panels g to l) is after this time. For
both sequences A and B, the long panel underneath the series of schematics shows the variation of the open solar ﬂux that threads the coronal source surface, FS, in
each schematic. This case is for emergence of ﬂux through the photosphere and source surface that is symmetric in the northern and southern hemispheres
and with a matching reconnection rate in the HCS.
Journal of Geophysical Research: Space Physics 10.1002/2016JA023644
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Note that in Figure 1 the HCS disconnection events are shown taking place at Carrington longitudes where
the HCS is close to the solar equator even though, at sunspot maximum at least, the HCS covers a wide range
of heliographic latitudes. This is because it is the angle of the HCS on a Carrington latitude-longitudemap (i.e.,
relative to the direction of solar rotation motion) that matters for the disconnection of OSF because it brings
open ﬂux of opposite polarity into longitudinal proximity and that HCS tilt peaks at low latitudes (and is zero
at the peaks of the HCS excursion from the solar equator) [Owens et al., 2011a]. At all latitudes there must be
foot point-changing reconnections taking place between open ﬁeld lines and their longitudinal neighbors to
allow the corona to rotate differently to the photosphere [Nash et al., 1988; Wang and Sheeley, 1993]. If the
open ﬁeld line is surrounded by other open ﬁeld lines of the same polarity (i.e., away from the HCS), the
reconnection will be with longitudinal neighboring opposite polarity ﬂux of closed loops that do not emerge
through the coronal source surface and may be the very small loops of the “magnetic carpet” close to the
photosphere [Schrijver and Title, 2003], giving photospheric foot point motion, and the effect is just to allow
the corona to rotate at a different rate to the photosphere below. If, however, the longitudinal neighbor is
open and has the opposite polarity (i.e., the HCS runs between them), then disconnection will occur. For this
reason, we here use the “current sheet tilt index,” IHCS, (the fraction of pixels in which the (open) ﬁeld at the
coronal source surface has the opposite polarity to its longitudinal neighbor), as a proxy to quantify the rate
of HCS disconnection of OSF [Owens et al., 2011a]. To derive IHCS, we make use of PFSS, which as discussed in
section 1 makes several approximations and assumptions: to understand their implications, we note that the
main HCS, as derived by PFSS, matches well with that derived from averaged magnetometer data in the
heliosphere from spacecraft such as Ulysses [see, e.g., Owens and Forsyth, 2013, Figure 13]. Note, however,
that PFSS could not detect the smaller-scale, time-dependent current sheets that are seen in higher time
resolution Ulysses data (see below) and predicted by nonpotential models of the corona [Yeates et al.,
2010] and which are invoked in Figures 1–5. PFSS is only used here to quantify the tilt of the main HCS
and is not invoked in the conceptual models that we discuss. The low latitudes of these OSF disconnection
Figure 2. Same as Figure 1, for the case of emergence of ﬂux through the photosphere and source surface that is symmetric in the northern and southern hemi-
spheres but in the absence reconnection in the heliospheric current sheet (HCS). No reconnection at the HCS is involved, and so it is not shown.
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events is supported by the observations of coronal inﬂows in coronagraph data, thought to be their low-
altitude signature, which occur where the HCS tilt is greatest (i.e., preferentially at low latitudes) [Sheeley
and Wang, 2002, 2007]. Hence, in Figure 1 the longitudes shown are those at which the HCS crosses the
solar equator as it at such longitudes where OSF disconnection occurs most often. The modulation of
reconnection by HCS tilt is here taken only to apply to OSF. Although there is no known reason to expect
this effect to cease completely at the source surface (meaning it will, to some degree, extend to the
current sheets into which the HCS divides below the coronal source surface), there is also no evidence that
it does and we do not assume that it reaches all the way down to the photosphere and consider its effect
to only be on OSF.
The photospheric foot points of the remaining newly emerged OSF then migrate poleward under the joint
effect of meridional circulation [Giles et al., 1997; Wang et al., 2002] and foot point exchange [Wang and
Sheeley, 2004]. In sequence A (Figures 1a–1f), this brings them into contact with the polar ﬁeld left over from
theprevious solar cyclewhich is in theopposite direction. Near-Sun reconnection between the two then allows
high-latitude disconnection. In Figures 1d and 1e this is shown as taking place in the northern and then the
southern hemisphere: the order is not important as the net effect is to reduce the pre-existing polar ﬂux.
In Part B (Figures 1g–1l), the sequence of events show in Part A has removed all the pre-existing (old polarity)
polar ﬁeld and started to add ﬂux of the new polarity. The same sequence of emergence, HCS reconnection,
and poleward transport occurs in in Part B as in Part A, but the sequence shown in B is adding to the new
polarity ﬂux collecting at the poles. In general, both polarities could coexist for a while and the polar ﬁeld ﬂip
is when the average ﬁeld polarity changes.
Note that in Figure 1, one of the high-latitude reconnections could take place before the HCS reconnection,
especially for very large emerging loop structures in CMEs. In such examples the ﬁrst reconnection would
cause the OSF foot point to jump down to low latitudes (foot point exchange) where it would then be discon-
nected by the HCS reconnection. The time series of the OSF variation would be exactly the same, but it would
Figure 3. Same as Figure 1, for the case of asymmetric emergence with all ﬂux emergence through the photosphere and source surface in the northern hemisphere.
In this case there can be no reconnection in the heliospheric current sheet (HCS).
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cause low-latitude coronal holes to exist for the interim period between the two reconnection events. Such a
sequence of is a likely to be involved in the production of the “coronal fans” seen in images of the corona by
Sun Watcher with Active Pixels and Image Processing EUV telescope on board the PROBA2 satellite [Seaton
et al., 2013].
A key point about both sequences shown in Figure 1 is that they move the solar cycle forward, in terms of the
evolution of the polar ﬁelds: in part A the sequence is contributing to the decay of the remnant ﬂux from the
previous solar cycle and in part B it is building up the new polarity polar coronal holes that will be seen in full
at the next sunspot minimum.
Notice that Figures 1–5 all invoke current sheets in the corona and heliosphere that are well removed from
the main HCS. The existence of such current sheets is consistent with data from the heliosphere. For exam-
ple, Balogh et al. [1999] report a polar current sheet seen by the Ulysses spacecraft that is well removed
from the main HCS. Indeed, during its second perihelion pass (“fast-latitude scan” that took place between
December 2000 and October 2001 and so near sunspot maximum), the Ulysses spacecraft detected 1024
radial ﬁeld polarity reversals (i.e., current sheets, both tangential, and rotational discontinuities) in hourly
means of the radial ﬁeld between heliographic latitudes 80° and +80° [Lockwood et al., 2004]. The same
data averaged into daily means yield 52 such polarity reversals (and some of them are bunched together,
and these look like structure in the main HCS or motions of the HCS back and forth over the satellite). When
averaged over 3 days, the data show just 23 polarity reversals in the perihelion pass, two for every full solar
rotation. Thus, the classic tilted structure of the main HCS emerges only when averaging over 3 days.
Obviously, not all of the 1024 current sheets seen in the hourly data map back to solar corona (many will
be generated in the heliosphere by Alfvén waves, or stream-stream interactions or CME transients), but
some of them could map back to the corona or be at the center of disconnected U-shaped ﬁeld lines that
are fossil remnants of reconnection closer to the Sun in current sheets that may no longer be present at the
location. Hence, although not part of the main HCS, the additional current sheets in Figures 1–5 are not
inconsistent with the Ulysses data.
Figure 4. Same as Figure 3, with all ﬂux emerging through the photosphere and source surface in the southern hemisphere.
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Figure 2 shows the same symmetric emergence as in Figure 1, but for ﬂux that does not undergo transhemi-
sphere reconnection in the HCS. Note that this can be taking place at the same time as the evolution shown in
Figure 1 and applies to any ﬂux generated too quickly to be reconnected at the HCS, and so evolves away
from it instead, or to ﬂux at longitudes where the HCS is not inclined to the solar rotation direction (e.g., at
the peaks of HCS variation away from the solar equator). Such ﬂux will migrate poleward, but possibly at a
rate slower than for the ﬂux of the trailing (higher latitude) ﬁeld polarity of the BMR. This is because the pole-
ward migration for this leading spot polarity would be due to the meridional circulation: foot point exchange
would be dominated by reconnection with BMRs and small remnant loops that, on average, obey Joy’s polar-
ity law which would mean that they would tend to oppose the poleward migration because they are biased
toward causing the leading polarity foot points to jump to a lower, rather than higher, latitudes. Also, obser-
vations indicate that the poleward meridional ﬂow is slower closer to the equator. The speed with which
magnetic features migrate poleward in the photosphere and the speed of poleward meridional circulation
ﬂows (as observed by Doppler measurements and, where possible, helioseismology) are found to be similar
[Hathaway and Rightmire, 2011; van Ballegooijen et al., 1998; Schrijver and Title, 2001; Ulrich, 2010; Zhao and
Kosovichev, 2004; Švanda et al., 2007], but foot point exchange means that OSF will migrate poleward at a
different speed to the photospheric ﬁeld and will show sudden jumps if the closed coronal loops involved
are large. Any OSF with the polarity of the leading spots that is not moved back to the HCS and there undergo
near-Sun reconnection, will evolve poleward under meridional circulation.
In Figure 2, there is polewardmigration of both polarity foot points in both hemispheres and eventually these
meet at or near the poles and disconnection takes place via high-latitude reconnection. In Figures 2a and 2b,
this returns the polar OSF to where it was before the sequences started. In other words, for both before and
Figure 5. Similar to Figure 1 but showing the evolution of loops that emerge in one hemisphere but evolve into having foot points in opposing hemispheres through
transequatorial foot point exchange with closed coronal loops or with several interchange reconnections with the very small loops of the magnetic carpet. Two
variations of this are shown occurring roughly simultaneously on the two limbs of the Sun: on the right-hand limb the loop evolves into open ﬂux before the foot
point exchange(s) give photospheric foot points in both hemispheres and on the left-hand limb the loop only becomes open after it has evolved to have foot points
in opposing hemispheres. Both sequences advance the solar cycle evolution of the polar ﬁeld.
Journal of Geophysical Research: Space Physics 10.1002/2016JA023644
LOCKWOOD ET AL. HELIOSPHERIC MAGNETIC FLUX CIRCULATION 8
after the polar ﬁeld ﬂip, this sequence (the same as in Figure 1 but without near-Sun reconnection in the HCS)
causes a rise and the fall in the OSF but does not progress the cycle in terms of the solar cycle evolution of the
polar ﬁelds. Note also (not shown) that the emerged loop foot points could reconnect with each other,
meaning that its ﬂux was added to the OSF for an even more brief interval, being disconnected before either
foot point reaches the polar cap.
Figures 3 and 4 deal with OSF emergence that is asymmetric such that OSF emerges in one hemisphere that
is not matched by emergence in the other hemisphere. In Figure 3 the excess emergence is in the northern
hemisphere; in Figure 4 it is in the southern. Because the excess is not matched by any ﬂux on the other side
of the HCS, it cannot reconnect there. The evolution is then the same as in that hemisphere in Figure 2. Again,
these two sequences cause a rise and then equal fall in the OSF but do not contribute to the solar cycle
evolution of the solar polar ﬂux.
Hence, of the sequences discussed in Figures 1–4, only that in Figure 1 advances the solar cycle in terms of
the evolution of the polar ﬁelds. However, as discussed by Petrovay [2010], Cameron et al. [2013], and Owens
et al. [2007], there is another class of sequence that achieves this and this is shown in Figure 5. It is similar to
Figure 1 in that the key element is that foot point-exchanging reconnections generate open ﬂux that has foot
points in opposite solar hemispheres, i.e., loops that straddle the heliographic equator and so have foot
points that are embedded in meridional ﬂows toward opposite poles. The difference is that the reconnec-
tion(s) happen earlier in the sequence and need not be in the HCS. Instead, a photospheric foot point is
passed across the heliographic equator (and potentially under the inner edge of the HCS) by foot point
exchanging reconnections in the lower corona. This is illustrated in Figure 5. Two variants of this class of
sequence are shown occurring roughly simultaneously on the two limbs of the Sun: on the right-hand limb
the loop evolves into open ﬂux before the foot point exchange(s) give photospheric foot points in both hemi-
spheres (this was discussed in relations to coronal mass ejection OSF loops byOwens et al. [2007]); on the left-
hand limb the loop only becomes open after it has evolved to have foot points in opposing hemispheres. The
foot point exchange across the solar equator could be achieved with single reconnection with a BMR formed
straddling the equator, but these are very rare (and only seen late in the solar cycle) and so is more likely to be
achieved via a series of reconnections with the very small loops of the magnetic carpet. Both sequences
advance the solar cycle evolution of the polar ﬁeld. Note that there is no known reason to consider the
sequences that advance the solar cycle (shown in Figures 1 and 5) mutually exclusive: both could be ongoing
simultaneously at different Carrington longitudes and/or they could both occur at different times. In this
paper we are certainly not suggesting that sequences like those shown in Figure 5 do not occur: we concen-
trate on those shown in Figure 1 because they have the ability to explain some unusual features of cycle 24.
However, one point to note about the sequences in Figure 5 is that if they were the only ones to occur, then
all OSF that emerged would migrate to the polar caps which, given the strong correlation between the polar
ﬁelds and the amplitude the subsequent sunspot cycle, would mean that most of cycle-to-cycle variability in
solar magnetic activity would arise from variations in the fraction of emerged photospheric ﬂux that also
emerges through the coronal source surface and becomes open. However, reconstructed long-term varia-
tions show a strong relationship between the cycle amplitudes in OSF and sunspot number [Lockwood
et al., 1999, 2014; Lockwood, 2013] and hence that the variability in the fraction of emerged ﬂux that becomes
OSF is low. Thus, the sequences shown in Figure 5 would not, on their own, give an explanation of cycle-to-
cycle variability in solar magnetic activity, but variations in the degree to which they occur relative to the
sequences in Figures 2–4 (that do not advance the solar cycle) would. The same is true for the other sequence
that does advance the solar cycle, namely, that illustrated by Figure 1.
3. Solar Cycle 24 and Observations of the Heliospheric Field Near Mercury
and Earth
The time series shown in Figure 6 display the features of cycle 24 which, while present in many other solar
cycles, have been particularly prominent during the current cycle. Figure 6a shows the open solar ﬂux
(OSF) from spacecraft data: the feature of note is that after a modest rise in the ﬁrst half of the cycle, there
is a strong rise early in the declining phase after the polar ﬁeld ﬂip [Wang and Sheeley, 2016a, 2016b].
Figure 6b shows the heliospheric current sheet (HCS) tilt index, IHCS, introduced by Owens et al. [2011a].
This is deﬁned from PFSS mapping of observed photospheric ﬁeld to the coronal source surface. For
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convenience, IHCS has here been deﬁned as 10
3fSS, where fSS is the fraction of source surface grid cells which
have opposite ﬁeld polarity to their immediate longitudinal neighbors. Hence, IHCS quantiﬁes the fraction of
the grid cells where the HCS (when quantised into grid cells) is locally perpendicular to the rotation direction
and is designed to be a proxy indicator of the OSF disconnection rate at the HCS. Over cycle 24, IHCS varies in a
similar way to that derived for previous solar cycles [Owens and Lockwood, 2012] in that there is a relatively
sharp rise followed by a more gradual fall. The unusual feature is that there are some relatively prominent
ﬂuctuations in IHCS (as discussed below). Figures 6c and 6d show, respectively, the sunspot number, R, and
the number of sunspot groups, NG. In both cases, the data have been divided by the solar hemisphere,
with blue for the north and red for the south. Both show clearly that sunspot activity dominated in the
northern hemisphere initially in the cycle (being larger by a factor of up to 2) and that in the southern
hemisphere dominated later in the cycle (again being larger by a factor of up to 2). This behavior was
noted by Waldmeier [1957] and is not uncommon, in that the tendency can be seen for solar cycles 12, 14,
15, and 20–23 [e.g., Zolotova and Ponyavin, 2006; Li et al., 2009; Lockwood et al., 2012]. However, in none of
these cycles is this feature as pronounced as it was for solar cycle 24.
Figure 7 demonstrates why we consider the ﬂuctuations in IHCS to have been relatively pronounced during
cycle 24, by comparing with the corresponding data available for previous cycles. The left-hand panels show
the variations of the current sheet tilt index IHCS as a function of solar cycle phase, ε. In each panel, the black
lines are values for individual Carrington rotations and the grey line is the smoothed ﬁfth-order polynomial ﬁt
to these values [IHCS]s. The panels are (from top to bottom) for solar cycles 21–24. The values of the cycle
phase ε are derived from the smoothed variation of the mean latitude of observed sunspot groups, using
the procedure of Owens et al. [2011b]. All cycles show considerable ﬂuctuations about the smoothed curves.
The right-hand panels show the corresponding distributions of the deviations from the smoothed variation,
ΔIHCS = IHCS  [IHCS]s for solar cycle phase range 0 ≤ ε ≤ 270° (the range for which data are available for cycle
24 at the time of writing). The distribution is somewhat broader for cycle 24 than for previous cycles, but
other differences can also be seen in the variations with ε. Cycle 21 shows peak-to-peak variations in IHCS
Figure 6. Time series of various parameters during solar cycle 24. In all panels, 3-point running means of Bartels rotation
period averages are shown. (a) The signed open solar ﬂux, FS, from near-Earth data (in black) and MESSENGER data (in
mauve). In both solid lines the source ﬂux is computed using a r2 dependence and the kinematic correction to allow for
the effect of velocity shears on the radial ﬁeld. The dashed line gives the near-Earth values if the kinematic correction is
not made for the means of the modulus of hourly means of the radial ﬁeld and an r2 dependence assumed. (b) The
heliospheric current sheet tilt index, IHCS. (c) The hemispheric sunspot numbers, RN (for the northern hemisphere, in blue)
and RS (for the southern hemisphere, in red). (d) The hemispheric sunspot group numbers, NGN (for the northern hemi-
sphere, in blue) and NGS (for the southern hemisphere, in red). The vertical black lines delineate ﬁve intervals that are
compared in this paper (see text for details).
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that are almost as large as during cycle 24, but they are of higher frequency and so shorter lived. Cycle 22
shows smaller amplitude variations. Cycle 23 shows large amplitude and long-lived ﬂuctuations but only
one positive one and one negative one. What we note about cycle 24 is that the ﬂuctuations have been
large, long lived, and persistent. It is this combination of characteristics that has helped us search for
potential effects of IHCS during cycle 24.
In Figure 6, a number of periods (labelled 1–5) have been deﬁned by the vertical black lines. In Period 1 the
northern hemisphere dominates the sunspot activity (as seen in Figures 6c and 6d); during Period 2 the two
are more equal and oscillate around each other; Period 3 is when the dominant sunspot activity is in the
southern hemisphere; this is true, to a lesser extent in Period 4; and in Period 5 the sunspot activity is very
similar in the two hemispheres and the two decay together. In Period 4 the OSF rises steeply, as shown in
Figure 6a. Note that the precise dates of the ends of Periods 4 and 5 were set by the ends of the available
MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) and HCS tilt data, respec-
tively, whereas all other intervals were deﬁned from the sunspot variations.
In Figure 6a the kinematic correction has been applied to the radial ﬁeld data to allow for the effect of struc-
ture in the solar wind ﬂow speed on the frozen-in ﬁeld which results in folds in the ﬁeld lines and hence the
modulus of the radial ﬁeld |Bx| increasing with heliocentric distance r, relative to a r
2 dependence [Owens
et al., 2008]. A method to quantify this effect has been presented by Lockwood et al. [2009a, 2009c] and
Lockwood and Owens [2009]. In Figure 6a, the dashed line gives the near-Earth values of 2π|Bx|(r1/rs)
2 where
r1 is an astronomical unit (1 AU) and rs is the radius of the coronal source surface (here we adopt rs = 2.5 R⊙,
where R⊙ is a mean solar radius). This would be the (signed) OSF if an r
2 dependence applied but exceeds
the true (signed) OSF because at r = r1 there is folded ﬂux which does not exist at r = rs, and so this means that
there are ﬁeld lines that thread the sphere or radius r1 multiple times yet only thread the source surface (at
r = rs) just once, the difference being termed the “excess ﬂux.” The solid line is the OSF with this excess ﬂux
removed, computed from the variation of the solar wind speed observed at r = r1 using the procedure devel-
oped by Lockwood et al. [2009a, 2009c]. The mauve line is this kinematically corrected OSF computed in the
Figure 7. (left column) The variations of the current sheet tilt index IHCS with solar cycle phase, ε for (from top to bottom)
solar cycles 21–24. In each case the black lines are values for individual Carrington rotations and the grey line is the
smoothed ﬁfth-order polynomial ﬁt to these values [IHCS]s. (right column) The distributions of the deviations from the
smoothed variation,ΔIHCS = IHCS [IHCS]s for solar cycle phase range 0 ≤ ε ≤ 270° (the range for which data are available for
cycle 24 the time of writing). The values of ε are derived for each Carrington rotation from the mean latitude of observed
sunspot groups using the procedure of Owens et al. [2011b].
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same way from the |Bx| values measured by the MESSENGER spacecraft in orbit around Mercury. Because
continuous solar wind speed measurements are not available from MESSENGER, the correction is based on
the one made near Earth but scaled to the r of MESSENGER. Figure 6a shows that the kinematically
corrected OSF values from near Earth and from near Mercury are very well matched.
Figure 8 shows the distributions of hourly means of the component of the magnetic ﬁeld pointing toward
the sun, BX, as seen near Earth (top row) and by the MESSENGER spacecraft in orbit around Mercury
(bottom row). In both cases, the values have been approximately normalized to a heliocentric distance
r = r1 by assuming an r
2 dependence (i.e., distributions of Bx (r/r1)
2 are shown). The MESSENGER data
were taken between r = 0.31r1 and r = 0.47r1 and at heliographic latitudes between ΛH = 3.4° and
ΛH = +3.4° (where ΛH > 0 is in the northern solar hemisphere). For these distributions, only data recorded
when MESSENGER was outside Mercury’s magnetosphere and magnetosheath were used [Winslow et al.,
2013]. Furthermore, to avoid perturbations due to upstream waves from the bow shock, data from within
1 h of the bow shock intersection were also discarded. The near-Earth data are continuous and from the
OMNI2 data set: they are recorded between r = 0.98r1 and r = 1.02r1 and at heliographic latitudes between
ΛH = 7.2° and ΛH = +7.2°.
The distributions are shown for each of the ﬁve intervals deﬁned in Figure 6. During Period 1 ﬂux emergence,
as quantiﬁed by sunspot number R or the sunspot group number NG, was up to twice as large in the northern
hemisphere as in the south. This means that there would be an excess OSF generated in the northern
hemisphere, and, as Period 1 was during the rising phase of the solar cycle, sequence A of Figure 3 applies
to this excess. Parts (c) and (d) of Figure 3 show that we expect there to be sunward ﬂux near the solar equator
in this case caused by the excess in northern hemisphere emergence. This can clearly be seen for Period 1 in
Figure 8 as a dominance of BX> 0 detected both at Earth and at MESSENGER. Note that Period 1 is 9800 hours
Figure 8. Distributions of the toward-Sun ﬁeld seen (top row) near Earth and at (bottom row) MESSENGER during selected
intervals during solar cycle 24. The BX component is positive toward the Sun and has here beenmultiplied by (r/r1)
2 where r
is the heliocentric distance of the point of observation and r1 = 1 AU. The MESSENGER data were taken between r = 0.31r1
and r = 0.47r1 and at heliographic latitudes between ΛH = 3.4° and ΛH = +3.4° (where ΛH > 0 is in the northern solar
hemisphere). For MESSENGER observations, all data used were for outside Mercury’s magnetosphere and magnetosheath
and sufﬁciently far upstream that no waves from the bow shock are detected. The near-Earth data are continuous and from
the OMNI2 data set: they are recorded between r = 0.98r1 and r = 1.02r1 and at heliographic latitudes between ΛH =7.2°
and ΛH = +7.2°. In each panel the number of samples in each 1 nT wide bin, N, has been divided by a scaling factor No
which is given in each case.
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long: the near-Earth data coverage is 100% and the number of available hourly mean samples from
MESSENGER is 3185 (giving a coverage of 32.5%). Because Period 1 (like Periods 2, 3, and 5) is slightly over
1 year long, it contains data over a full cycle of the Earth’s ΛH variation and over 4 cycles of Mercury’s ΛH var-
iation. Period 4 is shorter and covers 0.78 of Earth’s annual ΛH variation and 3.2 cycles of Mercury’s. Any sys-
tematic variations of BX with ΛH would be convolved with temporal variations by the orbital motions of the
two planets and so very hard to detect. Nevertheless, tests were attempted by subdividing the distributions
shown in Figure 8 into various ΛH ranges (which gives reduced numbers of samples in each, which is a
particular problem for the MESSENGER data) but no systematic variations with ΛH could be detected.
In Period 2, the sunspot numbers were more equal in the two hemispheres and the north/south ratio for both
R and NG oscillated around unity. In this interval, the northern polar ﬁeld has ﬂipped but the southern ﬁeld has
not (discussed below and shown in Figures 10b and 10d, respectively) and so either Figure 1a or Figure 2a
applies in the southern hemisphere, but either Figure 1b or Figure 2b applies in the north. The relevant parts
of Figures 1 and 2 predict both polarities of BX at both Earth and MESSENGER in this case. Figure 8 shows that
this is indeed observed for Period 2. There remains a slight dominance of BX> 0 at both locations in this inter-
val, which we could be attributed to time lags, for example, between emergence through the solar surface
(giving sunspots) and emergence through the coronal source surface and the time required for ﬂux to either
migrate away from the equator or be disconnected by HCS reconnection. The near-Earth data for Period 2 has
9208 out of a possible 9216 hourly mean samples (99.9% coverage) whereas the MESSENGER data has just
471 (5.1% coverage).
For Period 3, both polar ﬁeld ﬂips have largely completed and sunspots in the southern hemisphere domi-
nate. Thus, Figure 4b applies. Parts (h) and (i) of Figure 4b predict predominant away ﬁeld (BX < 0), and this
can be seen in Figure 8 for Period 3 at both Earth and Mercury. Period 3 has 100% coverage for near-Earth
data, whereas MESSENGER gave 549 samples out of a possible 10,104 (5.4% coverage). We would expect
the same behavior to apply for Period 4. Figure 8 shows that this is true for both the near-Earth and the
MESSENGER data. In this interval, the near Earth data has 100% coverage of the 6792 hours whereas
MESSENGER gave 786 hours (11.6%). Lastly for Period 5 the near-Earth data show that the dominance of
BX < 0 data persists. These data have 100% coverage of the 8118 hours. Period 5 is after the end of the
MESSENGER mission.
We need to treat the distributions for MESSENGER with caution because of the sampling. The low orbital per-
iod of Mercury means that the mean solar rotation period, as seen from there, is 34.8 days and observations
from Earth indicate an approximately two-sector structure of the IMF for most of the declining phase of cycle
24 so MESSENGER then spends typically 15 days in each sector. There are data gaps in this data set and some
are as long as 15–30 days. Gaps lasting 30 days do not bias the results that much as they cover approximately
a full solar rotation, as seen from Mercury. However, the 15 day gaps are a problem as, depending on when
they occur, they have the potential to affect predominantly one sector and so change the shape of the BX
distribution. However, this problem is not a factor for the distributions for the near-continuous near-Earth
data, and it is interesting to note that the MESSENGER data do reﬂect the asymmetries in the occurrence
of toward and away interplanetary magnetic ﬁeld that are seen in the near-Earth data.
Subsequent to the present paper being submitted, Dósa and Erdős [2017] have published a paper which
makes a different comparison between the MESSENGER and near-Earth heliospheric ﬁeld data. These authors
show that there is longitudinal structure in the OSF with marked peaks at Carrington longitudes around 210°
and 330° (their Figure 8). Their data were compiled over the year 2008 (Carrington rotations 2066–2078). In
this time the source surface maps generated using PFSS by the Wilcox Solar Observatory (http://wso.stan-
ford.edu/synsourcel.html) show a classic tilted main HCS, with clear peak excursions in heliographic latitude.
We here note that during 2008, the peak HCS excursion to the north of the heliographic equator evolves from
Carrington longitude 175° to 220° and that to the south evolves from 272° to 338°. Hence, the enhanced OSF
is at exactly the longitudes predicted by Owens et al. [2011a] who argued that OSF disconnection occurs
where the HCS is tilted relative to the direction of rotational motion (i.e., where oppositely directed OSF is
brought into contact by solar rotation) and not at the peaks of the HCS excursions where the HCS is not
inclined with respect to the direction of solar rotation. Dósa and Erdős [2017] show that compression by fast
ﬂows is a factor but our analysis shows some effect remains when this is allowed for, potentially indicating the
effect of HCS tilt on OSF disconnection predicted by Owens et al. [2011a].
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4. Solar Cycle 24 and Magnetograph Observations of the Photospheric Field
In this section, we study the poleward propagation of magnetic features of the photosphere seen in the
magnetograms generated by magnetographs. To understand the motion expected, we here use the proﬁle
of meridional velocities Vm derived by Hathaway and Rightmire [2011], shown in Figure 9a. This is derived
from observations of the progression of magnetic structures and agrees closely with the proﬁles used by
van Ballegooijen et al. [1998] and by Schrijver and Title [2001]. It also agrees quite well with the proﬁles derived
from Doppler shifts [e.g., Ulrich, 2010] and, where comparisons are possible, with the results from helioseis-
mology [e.g., Zhao and Kosovichev, 2004; Švanda et al., 2007]. In Figure 9b, this proﬁle has been converted into
the time t(ΛH) for magnetic ﬂux to reach a given latitude ΛH from a starting point very close to the solar
equator (|ΛH| = 0.5°). Figure 9b is used to predict trajectories on themagnetograms that originate at a general
initial latitude ΛH0 because the time to reach a greater latitude, ΛH, is t(ΛH)  t(ΛH0).
Note that one model ﬂow proﬁle, which is used by of Wang et al. [2009], is considerably different from
that in Figure 9a because it gives meridional ﬂows that stay at large magnitudes at ΛH almost down to
the solar equator and then decreases very rapidly with decreasing |ΛH|, generating close to an equatorial
discontinuity in the meridional speed proﬁle Vm(ΛH). This means that the Wang et al. [2009] model proﬁle
would not predict the much longer evolution times to move away from the solar equator (compared to
those for greater |ΛH|) that can be seen in Figure 9b. Hence, the trajectories on magnetograms predicted
by Wang et al. [2009], while very similar to those used here at latitudes above about 30°, are considerably
different at equatorial latitudes. We adopt the Hathaway and Rightmire [2011] proﬁle because it agrees
closely in form with the Doppler measurements [Ulrich, 2010] in showing more gradual gradient in Vm
across the solar equator. The signiﬁcance of the difference between the Wang et al. [2009] proﬁle and
the others (including that by Hathaway and Rightmire [2011] used here) is that the others give signiﬁcantly
longer transit times from the point of emergence (at latitude ΛH0) to near the pole for later in the solar
cycle when ΛH0 of emerged ﬂux is lower.
Before discussing the magnetograms, we need to clarify our approach to their interpretation in this paper.
Magnetographs measure the total ﬂux in the photosphere, i.e., both closed loops and open ﬂux. OSF
accounts for about 4% of the total photospheric ﬂux at sunspot maximum, rising to about 40% at sunspot
minimum. The HCS tilt mechanism that we discuss only relates to the disconnection of OSF. The OSF has foot
points that are embedded in the photosphere and which move both under the general pattern of photo-
spheric motions, and also because interchange reconnections cause them to jump from one point to another.
In the active region belts, the OSF is a small fraction of the total; however, as photospheric ﬂux migrates
poleward, OSF also tends to evolve poleward and, in addition, the total closed ﬂux decreases greatly at the
poleward edge of the active region belt such that a larger fraction of the total ﬂux is open with increasing
latitude (until it reaches the polar coronal hole when almost all the ﬂux is OSF). Any HCS tilt effect on the
OSF will therefore become increasingly more apparent as the foot points evolve poleward.
4.1. Zonally Averaged Magnetograms
Figure 10c presents a magnetogram for solar cycle 24 thus far (a map of zonally averaged radial magnetic
ﬁeld in a frame of heliographic latitude, ΛH, and time) compiled from the Global Oscillation Network
Group (GONG) magnetograph data. No smoothing has been applied to the pixels (which are 1° in ΛH and
one Carrington rotation period in time) and the color scale saturates at ±2 × 104 T. ΛH is positive toward
north, and red (blue) denotes positive (negative) ﬁeld which is away (toward) the Sun. (Note that this is the
opposite sign convention used for the near-Earth and near-Mercury interplanetary data in Figure 8 for which
BX > 0 is toward the Sun) The white dots show the locations of centers of sunspot groups detected by the
Solar Observing Optical Network (SOON) and reveal the well-known “butterﬂy” pattern of emerged photo-
spheric ﬂux in bands in both hemispheres which migrate toward the equator as the cycle evolves. To the
poleward side of these active region bands are seen what are commonly referred to as “poleward surges.”
This term is somewhat misleading because it implies increases in the speed of poleward motion, whereas
the features on the magnetograms tend to be noticeably parallel at each ΛH, showing a rather steady and
constant poleward motion proﬁle. In other words, the meridional circulation provides a relatively steady
“conveyor belt” which can carry ﬁelds of varying strength and even of opposite polarities. Indeed, the
strongest features that can be seen in Figure 10c are caused by the zonal mean of the ﬁeld in one
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hemisphere changing polarity from inward to outward or vice versa. The black lines are predicted trajectories
of ﬁeld lines and are discussed below.
Figures 10b and 10d show themagnitude of the average ﬁelds over the northern and southern solar poles (BN
and BS, respectively) from the Wilcox Solar Observatory (WSO) magnetograph [Scherrer et al., 1977]. These
data have been passed through a 20 nHz low-pass ﬁlter to remove the annual oscillation caused by the
annual variation in ΛH of the ground-based magnetograph that made the observations. It can be seen that
the polar ﬁeld in the southern hemisphere, BS (Figure 10d), ﬂipped polarity close to the end of Period 2,
and this is relatively late compared to other solar cycles (see Lockwood [2013]—also discussed later in relation
to Figure 13 of the current paper). Comparing Figures 10b and 10d shows that this is caused by the arrival a
large amount of negative (inward) magnetic ﬂux (colored blue) at the southern pole. On the other hand, the
northern polar ﬁeld BN ﬂipped polarity close to the end of Period 1, and this is relatively early compared to
previous cycles. Unusually, this northward ﬁeld then reversed again before ﬁnally acquiring the new polarity
at the end of Period 3. This sequence can be seen to be consistent with the average polarity of the poleward
moving ﬂux in the northern hemisphere, with ﬁeld that oscillates (in zonal averages) between outward (red)
and inward (blue). In particular, the temporary change back to negative BN is the effect of poleward migration
of the inward ﬂux (blue region), as pointed out by Sun et al. [2015] and Mordvinov et al. [2016].
For comparison, Figures 10a and 10e show the sunspot group number NG, and the HCS tilt index IHCS as in
Figures 6d and 6b, respectively. The vertical black lines in all panels (white in Figure 10c) delineate the ﬁve
periods, as in Figure 6.
The dashed vertical lines in Figure 10e mark a series of peaks in IHCS. Also shown in Figure 10c are a series
of black lines which are the expected loci of magnetic features in the photosphere, predicted using
Figure 9b. These start from an initial heliographic latitude ΛH0 which is the mean latitude of the sunspots
in that hemisphere for the Carrington rotation period of the time of the IHCS peak, minus a small offset of
δΛ. This offset is included because, for reasons discussed in section 5, we are particularly interested in the
potential poleward evolution of the leading spot ﬁeld polarity and such spots originate, on average, at
lower latitude than the trailing ones (because of Joy’s law). We here adopt a value for δΛ between the
mean latitude of all spots and the mean latitude of the leading spots from the formula of Wang and
Sheeley [1991]:
Figure 9. Meridional motion of photospheric magnetic features. (a) The polewardmeridional velocity as a function of helio-
graphic latitude, ΛH, as derived by Hathaway and Rightmire [2011]. (b) The time taken to reach latitude ΛH from very close
to the heliospheric equator (|ΛH| = 0.5°).
Journal of Geophysical Research: Space Physics 10.1002/2016JA023644
LOCKWOOD ET AL. HELIOSPHERIC MAGNETIC FLUX CIRCULATION 15
δΛ≈5 tan ΛH=2ð Þ: (1)
ForΛH of 30° (typical of just after the start of a solar cycle), this yields δΛ ≈ 1.4°, and forΛH of 5° (typical of just
before the end of a solar cycle), it yields δΛ ≈ 0.2°.
4.2. Longitudinal Structure at Fixed Latitude
A point to be remembered about Figure 10c and similar magnetograms discussed in other papers [e.g.,
Mordvinov et al., 2016; Yeates et al., 2015; Sun et al., 2015; Petrie et al., 2014] is that the ﬁelds shown are zonal
means and so they show the net result of all structures at that latitude (i.e., at all longitudes). Because of the
dependence of HCS disconnection of OSF on the HCS tilt angle, we expect that different longitudes may
behave differently at any one time: speciﬁcally at longitudes where the HCS is close to the equator and more
highly tilted, we expect OSF disconnection at the HCS to occur (and hence a schematic like Figure 1 applies)
whereas at other longitudes where the HCS is at higher latitudes and less tilted HCS disconnection of OSF is
less likely and a schematic like Figure 2 would apply. Hence, it is important to look at the longitudinal struc-
ture, and Figures 11c and 11d show longitudinal slices, of the kind used by Bumba and Howard [1965], at
ΛH = +57° andΛH =57°, respectively (these latitudes are shown by the horizontal lines in Figure 10c, chosen
as they are approximately the lowest |ΛH| that remains above the sunspot latitudes throughout the solar
cycle. Results are similar for any other latitude above 57°. The ﬁeld is for pixels that are 1° in ΛH by 1° in
Carrington longitude (CL). Figures 11b and 11e show the zonal means, <B+57> and <B57>, as a function
of time are so are the time slices along the horizontal white lines in Figure 10c. As for Figure 10,
Figures 11a and 11f show the sunspot group number NG, and the HCS tilt index IHCS (as in Figures 6d and
6b) for reference and the vertical black lines (white in Figures 10b and 10c) delineate the ﬁve periods, as in
Figure 6.
Figure 10. Photospheric ﬁeld evolution during solar cycle 24. (a) The northern (in blue) and southern (in red) hemisphere
sunspot group numbers (as in Figure 5d); (b) the northern polar photospheric magnetic ﬁeld strength, BN, from the WSO
magnetograph data, passed through a 20 nHz low-pass ﬁlter to remove the annual variation due to viewing geometry; (c)
the zonal (longitudinal) mean of the photospheric ﬁeld from the Global Oscillation Network Group (GONG) magneto-
graphs, as a function of heliographic latitude (ΛH) and time. The white dots are the locations of the centers of sunspot
groups detected by the Solar Observing Optical Network (SOON), and the black lines are predicted propagation proﬁles
(from Figure 9b) for events starting from the predicted mean latitude of spots of “leading polarity” magnetic ﬁeld at the
times marked by vertical dashed lines in Figure 10e, when there are peaks in IHCS. (d) The southern polar photospheric
magnetic ﬁeld strength, BS, from the WSO magnetograph data, passed through the same 20 nHz low-pass ﬁlter as BN. (e)
The heliospheric current sheet tilt index, IHCS, as shown in Figure 5b. The vertical solid lines in all panels deﬁne the intervals
1–5 and the horizontal white lines in 10c are at ΛH ± 57°, as used in Figure 9.
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The most obvious features in Figures 11c and 11d are the inclined regions of ﬁeld, of both polarities, that
migrate to lower CL with time. This is because regions are rotating more slowly at ΛH = +57° and
ΛH = 57° than the center of the sunspot belt, and the latter sets the Carrington rotation period and hence
the CL. The key point is that at most times, both ﬁeld polarities were seen moving poleward at some longi-
tude in both hemispheres, a fact that is hidden in the zonal means shown in the commonly used latitude-
time magnetograms (such as Figure 10c).
In the rising phase of cycle 24 emergence was dominant in the northern hemisphere and Figure 11c shows
that it caused a series of patches of positive (away, in red) ﬁeld that is usually followed at the same CL by a
period of negative ﬁeld (toward, in blue). There are two clear examples of this that start before Period 1.
This is consistent with Figure 3a which predicts that negative ﬁeld will, after some delay, follow the positive
ﬁeld poleward if disconnection at the HCS cannot keep pace with the northern hemisphere emergence.
There is, however, an interesting difference in themiddle of Period 1 when the region of negative ﬂux is much
shorter lived. This could well relate to the brief spike of enhanced HCS tilt index at the start of Period 1 which
could act to enhance the HCS disconnection rate. The relative absence of the negative ﬁeld would be delayed
because it takes time to propagate in latitude up to ΛH = +57°. Note that in the northern hemisphere, during
the interval before the middle of 2012 only once (at the start of period 1) was there enough negative ﬂux to
make the zonal mean turn negative (Figure 11b) but that negative ﬂux was present at some longitude all the
time. This is not the case for Periods 2 and 3 when <B+57> is consistently negative despite some poleward
moving patches of B+57> 0 (in red in Figure 11c). As demonstrated by Figure 10, this is themagnetic ﬁeld that
temporarily reversed the ﬂip in the northern polar ﬁeld. Figure 11c shows that for intervals 4 and 5, and after,
more longitudes were seeing poleward motion of positive ﬂux in the northern hemisphere and <B+57> was
generally positive or near zero.
Figure 11d shows that in the southern hemisphere during Period 1 there were three, relatively weak,
examples of patches of negative ﬂux followed by positive, implying that even for the relatively weak southern
hemisphere emergence, it was not all reconnected at the HCS, i.e., Figures 2a and/or 5a were relevant to some
extent as well as Figures 3a and 1a. However, for Periods 2, 3, and 4 there was a strong dominance of pole-
ward moving negative ﬂux, which was reﬂected in the strongly negative <B57> in Figure 11e. However,
positive ﬂux is still always seen after an increase in negative and acts to reduce the magnitude <B57> at
Figure 11. Longitudinal slices of the photospheric ﬁeld from the GONG magnetograms at heliographic latitudes of (c)
ΛH = +57°, B+57, and (d) ΛH = 57°, B57. (b and e) The zonal mean values as a function of time, <B+57 > and
<B57 > are shown. (a and f) The hemispheric sunspot group numbers NG and the HCS tilt index, IHCS, as in the top and
bottom rows of Figure 8. The vertical lines delineate the ﬁve intervals studied.
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any one time but is not sufﬁcient to reverse its polarity. By the end of Period 5 only positive ﬁeld is seen
moving poleward at all longitudes brieﬂy giving <B57> > 0. This appears to be associated with the slight
reduction the negative average southern polar ﬁeld BS at this time, as can be seen in Figure 9d.
4.3. Hemispheric Differences and Total Flux Transport
Figure 12 presents an analysis of the hemispheric asymmetries and the global poleward transport of photo-
spheric ﬂux. Figure 12b presents, in a time-|ΛH| format, the sum of the zonal-mean ﬁeld in the two hemi-
spheres at the same latitude, BN(|ΛH|) + BS(|ΛH|). For cycle 24, the expected dominant ﬂux transport is
positive in the northern hemisphere and negative in the south; hence, BN(|ΛH|) + BS(|ΛH|) is expected to be
positive when the emergence in the northern hemisphere dominates and negative when that in the
southern hemisphere dominates. Comparison of Figures 12a and 12b indicates that this was generally the
case. Period 2 is interesting as BN(|ΛH|) + BS(|ΛH|) emerging from the sunspot belt is strongly negative even
though sunspot numbers are roughly equal in the two hemispheres. Inspection of Figure 11d shows that
at this time negative ﬂux is propagating poleward in both hemispheres, suggesting that it is the expected
high-latitude trailing (negative) ﬁeld polarity in the southern hemisphere, but the leading, lower latitude
(negative) ﬁeld in the north generated by the earlier dominance in northern sunspot numbers and which
has escaped reconnection in the HCS. This situation can arise because of the large increase in propagation
time with decreasing |ΛH| that is predicted by Figure 9b. This agrees with the slight dominance of sunward
ﬁeld at Earth and Mercury that persists into this period (Figure 8b).
Figure 12c sums the ﬂux of either polarity in either hemisphere heading toward the poles, |BN(|ΛH|)| + |BS(|ΛH|)|.
From Figures 1–5 the only way that this can be reduced, for a given total emergence in both hemispheres, is
by an increase in the reconnection in the HCS (the lost ﬂux being removed along the streamer belt). In
Figure 12c the times of peak IHCS are again marked by vertical dashed lines and evolution locus for each peak
is shown by a black line starting from initial heliographic latitudeΛH0 which is the estimated mean latitude of
the leading sunspots in both hemispheres at that time. Inspection of Figure 12c shows that the total pole-
ward motion of magnetic ﬂux of both polarities is decreased around the time of each black locus line. This
is the an indication that increased HCS tilt angle increases the ﬂux disconnection rate at the HCS, as postu-
lated theoretically for OSF by Owens et al. [2011a] and on the basis of white light coronagraph observations
by Sheeley and Wang [2001] and Sheeley et al. [2001].
Figure 12. Hemispheric comparisons of zonal (longitudinal) means of the photospheric ﬁeld from the GONG magneto-
graphs. (b) The sum of the zonal means in the ﬁelds in the northern and southern hemisphere at the same magnitude
of heliographic latitude, |ΛH |, BN(|ΛH |) + BS(|ΛH |), as a function of |ΛH|. (c) The sum of the moduli of the zonal means in the
ﬁelds in the northern and southern hemisphere at the samemagnitude of heliographic latitude, |ΛH |, |BN(|ΛH|)| + |BS(|ΛH|)|,
as a function of |ΛH|. In Figures 11b and 11c the white dots show the |ΛH| of sunspot group centers in the SOON data (from
both hemispheres). The trajectories start from the predicted mean latitude of “leading polarity” emerged magnetic ﬁeld
|ΛH0 | for both hemispheres at the times of IHCS peaks, marked by the vertical dashed lines in Figure 11d. (a and d) The
sunspot group numbers NG and the HCS tilt index, IHCS—as in the top and bottom rows of Figure 8. The vertical lines
delineate the ﬁve intervals studied.
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5. Discussion and Conclusions
5.1. The Origin of OSF That Progresses the Solar Cycle in Polar Fields
In their model of the ﬂux transport that leads to the solar cycle evolution of polar ﬁelds, Zolotova and
Ponyavin [2012] argued that bursts of rapid emergence of ﬂux through the photosphere lead to a poleward
surge in the ﬂux of the trailing spot ﬁeld polarity moving toward the pole and that, between these bursts,
ﬁeld of the polarity of the leading spots drifts poleward. These authors ascribed the fact that there is a
“surplus” of the trailing spot polarity ﬁeld arriving at the poles (which advances the solar cycle evolution of
the polar ﬁeld) to a surplus in the emerged ﬂux of the trailing polarity. In fact, because emerged ﬂux comes
in loops from the toroidal ﬁeld stored in the overshoot layer at the base of the convection zone, the leading
and training ﬂux polarities must be equal in total. (Note that either the leading polarity or the trailing polarity
ﬂux could bemore dispersed into faculae than the other than giving an excess in sunspot ﬂux but this will not
be present in the total emerged ﬂux). From the results presented here a different picture emerges whereby
the “surplus” is generated in two ways—either by reconnection of leading spot polarity ﬁeld in the
heliospheric current sheet, as proposed by Lockwood [2004] and illustrated in Figure 1, or by diffusive motion
of leading spot polarity ﬁeld lines across the equator [Petrovay, 2010; Cameron et al., 2013], as illustrated in
Figure 5.
As pointed out by Sun et al. [2015], the zonal mean magnetographs in Figure 10 do indeed show that the
average poleward ﬂux has the trailing spot polarity and poleward “surges” follow a burst of sunspot
activity in that hemisphere and that, during lulls between such activity, the average of the poleward
moving ﬁeld can take on the polarity of the leading spots. However, these zonal means do not tell the
whole story because, as Figure 11 demonstrates, both polarities are generally moving poleward at all
times and that some leading spot polarity ﬁeld is migrating poleward at longitudes away from the
active regions.
Figure 13. The solar polar ﬁelds observed by the magnetograph at Wilcox Solar Observatory (WSO) during solar cycles
21–24 (updated to the end of December 2016). (top) The difference between the two polar ﬁelds, p(BN  BS) as a func-
tion solar cycle phase, ε, as determined from the mean sunspot latitudes using the method described by Owens et al.
[2011b], where BN and BS are the average ﬁelds seen over the north and south solar poles, respectively, and p = +1 for the
odd-numbered cycles and p =1 for the even ones. The reversals in the polarity of the polar ﬁeld difference all occur within
the grey band and the phases of the peak sunspot number in 12 month running means are given by the vertical lines.
(bottom) The pBfN (solid lines) and +pBfS (dashed lines) as a function of ε, where BfN and BfS are the BN and BS data that
have been passed through a 20 nHz low-pass ﬁlter to remove the annual variation due to the heliographic latitude, ΛH, of
Earth. In both panels, red, blue, green and black denotes solar cycles 21, 22, 23, and 24, respectively.
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Figure 12b is the most revealing when it comes to studying the role of ﬁeld line disconnection at the
heliospheric current sheet as it shows the total ﬂux of either polarity moving poleward in both hemi-
spheres, |BN(|ΛH|)| + |BS(|ΛH|)|. The black lines show the trajectories of ﬁeld lines from the expected
location of the leading spots at times when the HCS tilt index shows a peak. It can be seen that this total
ﬂux of ﬁeld lines is reduced along each one of these trajectories. It is instructive to consider what caused
these decreases in the total poleward ﬂux transport in the photosphere. All the sequences in Figures 1–5
will give such a decrease if the rate of ﬂux emergence is decreased. However, neither the sunspot
number R nor the sunspot group number NG (Figures 6c and 6d) show any evidence of decreases at
the required times. The important point is that for the mechanisms shown in Figures 2–5, decreases in
|BN(|ΛH|)| + |BS(|ΛH|)| could only arise from decreases in emergence rate. The sequence illustrated in
Figure 1 is different as in that it can give a decrease in |BN(|ΛH|)| + |BS(|ΛH|)| from a drop in emergence
rate or from a rise in the HCS reconnection rate. Given the lack of any evidence for the former in the
sunspot data, the decreases seem to arise from the latter.
Hence, our explanation for these drops in the total poleward ﬂux of ﬁeld of either polarity is that the leading
spot ﬁeld polarity is reduced each time the current sheet index shows a maximum, removed by disconnec-
tion via reconnection in the HCS. This has been discussed previously in terms of OSF loss, but Figure 12
suggests it is also converting pairs of closed loops in the two hemispheres into single loops with foot points
in opposing hemispheres and of trailing spot polarity. This causes the subsequent total migration of
magnetic ﬂux (of both polarities) to be reduced, as in Figure 1, compared to that when the HCS reconnection
is absent or at a lower rate, as in Figure 2. Hence, Figure 12 provides the ﬁrst direct evidence that the current
sheet tilt increases the HCS disconnection rate, as proposed theoretically for OSF by Owens et al. [2011a] and
on the basis of white light coronagraph observations by Sheeley and Wang [2001] and Sheeley et al. [2001].
Previously, the only other evidence for this effect was that long-term reconstructions of OSF were improved
if the OSF loss rate was given the solar cycle dependence of the HCS tilt [Owens and Lockwood, 2012]. Note
that we call this “evidence for” rather than “proof of” the role of OSF disconnection at the HCS at this stage.
Work is underway to quantify the decreases in |BN(|ΛH |)| + |BS(|ΛH|)| by modeling, and if quantitative agree-
ment between the two is good, we would regard that as a higher level of proof. Note that we are certainly not
stating that the sequences illustrated in Figure 5 do not occur but we are providing evidence that those
shown in Figure 1 do. Without quantiﬁcation by modeling, we cannot say anything about the relative contri-
butions of these two classes of sequence to the advancement of the solar cycle via their contribution to the
polar ﬁeld evolution.
The trajectories in Figure 12 are based on the mean latitude of leading spots (at the times of the peaks in
HCS tilt) in both hemispheres. The trajectories in Figure 10 are based on the mean latitudes of spots for
each solar hemisphere separately. These show that the leading spot polarity ﬁeld migrates poleward from
the lulls in HCS disconnection when the HCS tilt is lower: there is a clear tendency to see either a reduc-
tion in the average ﬁeld of the trailing polarity or even ﬁeld of the leading polarity in the gaps between
the black trajectories shown. Good examples are for the last four pairs of trajectories shown. In the
southern hemisphere we see leading spot polarity in these zonal means (in yellow or red) between the
trajectories, and along the trajectories we see the trailing spot ﬁeld polarity (in cyan or blue) in the zonal
means. At the same time, in the northern hemisphere we see training spot polarity at all times in the
zonal means but these average values are reduced between the trajectories (usually from orange/red
to yellow/green on the color contours) which implies that more of the leading spot polarity is moving
poleward because of the lulls in HCS reconnection. The reason why the leading spot polarity migration
has a smaller effect on the zonal means in the north than in the south is because in Periods 3 and 4
southern hemisphere emergence dominated, meaning that there is more ﬁeld of leading spot polarity
at low latitudes in the southern hemisphere than in the north. This is conﬁrmed by the near-Earth and
MESSENGER interplanetary data that see a predominance of away ﬁeld (BX < 0) in Periods 3, 4, and 5
(see Figure 8).
In interpreting the magnetograph data, the long delays in the effects at middle and high latitudes of
increased and decreased HCS tilt are important. These are expected because HCS disconnection is fastest
where the HCS tilt is greatest and that is at low heliographic latitudes. The latitudinal proﬁle of meridional
ﬂow (Figure 9) makes the propagation times from low to middle and polar latitudes long.
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5.2. Causes and Effects of Poleward Migration of Leading-Spot Polarity Field
The tendency for the leading spot polarity ﬁeld to follow the trailing one poleward following lulls of the OSF
disconnection rate at the HCS can also be seen in the northern hemisphere, particularly between the second
and third trajectories shown. This event has also been studied and modeled by Yeates et al. [2015]. Looking at
the time series of zonal means at ΛH = +57° in Figures 10c and 11b, this is seen as a bipolar signature of
positive (away, red), followed by negative (toward, blue) ﬁeld which is centered on the start time of Period
1. However, the longitudinal slices for ΛH = +57° (Figure 11c) show that this is more complex than the zonal
means imply in that both ﬁeld polarities are seen in this event both before and after the zonal-mean polarity
reversal with away ﬂux (in red) being followed at the same longitude (evolving from CL ≈ 270° to CL ≈ 120°)
by toward ﬂux (blue) and it is only the balance between the two that changes at the polarity reversal. Notice
also that the zonal means are also complicated by a second event taking place at lower CL at the same time.
The trajectories in Figure 10 show that the poleward migration of leading polarity ﬂux (i.e., toward ﬁeld in
blue) comes from a prior lull in the HCS reconnection rate. This feature has also been interpreted and
modeled as due to a large non-Joy’s law BMR [Yeates et al., 2015]. This is not necessarily inconsistent with
the ideas discussed here as the observed HCS tilt angle variation is likely to be have been strongly inﬂuenced
by this his non-Joy’s law BMR. This means that using the HCS tilt angle to quantify OSF disconnection at the
HCS (as used by Owens and Lockwood [2012]) and using sunspot BMR tilt angle to model its subsequent pole-
ward evolution and cross equator drifts (as used by Cameron et al. [2014]) may be approaches that are more
closely related than they previously appeared to be. Note that the same considerations apply to BMRs that do
not obey Joy’s law as to those that do, in that if both polarity foot points evolve to the same pole, the BMR
does not advance the solar cycle. The non-Joy’s law tilt may, however, inﬂuence the probability of
this occurring.
Lastly, we note that Sun et al. [2015] that ﬁnd the trailing spot polarity ﬁeld poleward surges tend to be asso-
ciated with strong activity and BMRs that obey Joy’s law whereas the leading spot polarity surges tend to be
associated with lower activity intervals, as noted here. This is not inconsistent with what is proposed here.
However, Sun et al. [2015] attribute the leading spot polarity surges to modulation of the meridional ﬂow
(due to ﬁeld-dependent convergence of ﬂow toward the ARs), whereas we are attributing to a relative lack
of transequatorial transport for closed ﬂux and reduced HCS reconnection for OSF.
Figure 10 provides an explanation of the behavior of the polar ﬁelds shown in Figures 10b and 10d. As noted
by Sun et al. [2015] andMordvinov et al. [2016], the temporary reversal of the northern polar ﬁeld is due to an
extended period where leading spot polarity (toward in the northern hemisphere) reaches the northern polar
coronal hole. This is seen in blue bands in the northern hemisphere of Figure 10c that again fall between the
trajectories that map to the peaks in HCS tilt and arises in Period 1 when the northern hemisphere dominated
emergence through the photosphere. This excess of undisconnected toward ﬂux in the northern hemisphere
(leading spot polarity) available to move poleward is consistent with Figure 3a and with the dominant Bx> 0
seen at Earth and MESSENGER during Period 1. Hence, the temporary reversal in the northern polar ﬁeld was
caused by the early dominance of northern hemisphere emergence, with an additional contribution of a lull
in the HCS reconnection rate (which meant that the rate of disconnection with the lower ﬂux of southern
hemisphere leading polarity ﬂux that had emerged was limited in rate).
5.3. The Rapid Rise in OSF During the Declining Phase of Cycle 24
The other general feature of interest is the large rise of OSF during Period 4 shown in Figure 6a. Figure 10c
shows that this was due to strongly asymmetric emergence dominated by the southern hemisphere.
Again, it formed during a prior lull in the OSF disconnection rate at the HCS (in Period 3), ensuring that the
HCS disconnection rate was reduced, which would also be low because of the smaller amount of leading
polarity ﬂux generated in the northern hemisphere at this time. It has often been assumed that the rise in
OSF during cycle 24 was due to enhanced OSF emergence, but as pointed out by Wang and Sheeley
[2016a] and Wang [2016], no increase in coronal mass ejection rate was seen at this time, and CME rate
has been a successful predictor of OSF production in some continuity models [Owens and Lockwood,
2012]. The data presented here offer an explanation in that it was a reduction in the loss rate that caused
the OSF rise, rather than an increase in the production rate. That reduction has two causes: ﬁrst the domi-
nance of emergence in one hemisphere (the southern) meant that part of the leading polarity ﬂux could
not be disconnected by HCS reconnection and second, there was a lull in the HCS disconnection rate
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(caused by a reduction in the HCS tilt angle) which meant that the removal of ﬂux that was matched in the
two hemispheres was not as rapid as it otherwise would have been.
The analysis presented here offers an explanation of why the two-peaked nature of the solar cycle (sepa-
rated by the so-called “Gnevyshev gap” [Gnevyshev, 1963; Norton and Gallagher, 2010]) is particularly clear
in OSF [Lockwood et al., 1999, 2009a] and galactic cosmic ray (GCR) ﬂuxes [e.g., Storini et al., 1997] and often
is also asymmetric in the amplitude of the two peaks. Cycle 24 is an example where this gap is present in
sunspot numbers and it is the northern hemisphere which dominated ﬂux emergence before the
Gnevyshev gap and it is the southern hemisphere that dominated after it. Both peaks in OSF (minima in
GCR ﬂuxes) are due to OSF emergence, but the second is ampliﬁed by the temporary accumulation of
OSF at the poles, of both leading and trailing spot polarity, due to asymmetric emergence and reduced ﬂux
disconnection rates in the HCS.
5.4. Implications for the Remainder of Cycle 24 and for Cycle 25
The above analysis has an interesting implication. Following the large rise in OSF and the strong migration of
southern hemisphere trailing polarity ﬂux toward the southern pole in Period 4, there follows (toward the end
of Period 4, and throughout and after Period 5) undisconnected leading polarity ﬂux moving poleward in the
southern hemisphere, especially in the lulls between HCS disconnection rate peaks. This can be seen to be
having an effect on the southern polar ﬁeld in Figure 10d which is, at the time of writing, falling and has been
throughout 2016. This is consistent with the evolution of the temporary OSF enhancement predicted in
Figure 4b for the enhanced emerged ﬂux in the southern hemisphere. At the same time the northern hemi-
sphere polar ﬁeld is rising slowly due to the arrival of trailing polarity ﬂux in that hemisphere.
This behavior is compared to previous solar cycles in Figure 13. The timing of the polar ﬁeld reversal, relative
to sunspot maximum, was ﬁrst observed during solar cycle 19 (SC19) by Babcock [1959] using data from the
Hale Solar Laboratory (HSL) magnetograph. He noted that the average ﬁeld emerging from the south solar
pole reversed polarity between March and July 1957 and that in the north pole reversed in November
1958. The 12 month running mean of monthly sunspot number peaked in March 1958, midway between
these two reversals. Figure 13 employs the continuous data on the solar polar ﬁeld available from WSO
[Scherrer et al., 1977]. As noted by Babcock during SC19, the two poles do not reverse at exactly the same
date, and the raw data are also complicated by a strong annual periodicity introduced by the annual variation
in Earth’s heliographic latitude. Because of these two effects, the average polar ﬁeld reversals are most readily
seen by taking the difference between the north and south ﬁelds, (BN  BS): in this difference the annual
variation in both BN and BS, caused by the magnetograph’s annual oscillation in ΛH, is canceled. In order
to give the variations of this difference the same appearance in each sunspot number cycle (as opposed to
Hale cycle), thereby allowing easy comparisons, Figure 13 (top) shows (BN  BS) multiplied by p, where
p = +1 for odd-numbered cycles and p = 1 for even ones: the variation of p(BN  BS) with solar cycle phase,
ε (determined using the average of the absolute values of the northern and southern mean sunspot latitudes
using the method of Owens et al. [2011a]) is plotted in the top panel for the WSO measurements, which are
made every 10 days. The area shaded grey is between the earliest and latest reversals seen to date (lowest
and largest ε). Figure 13 (bottom) shows pBfN and +pBfS where BfN and BfS are the northern and southern
polar ﬁeld variations after they have been passed through a 20 nHz low-pass ﬁlter to smooth them and
remove the annual variation. The vertical lines give the phases of the corresponding cycle peaks in 12-point
running means of monthly sunspot numbers. Red, blue, and green are used to denote cycles 21, 22, and 23,
and black is for 24.
At the time of writing, the magnitude of the polar ﬁeld difference |BN  BS| in cycle 24 is slightly lower than it
was at the same phase of cycle 23. However, because of the decline in BfS there has been a recent decline in
this difference and this paper provides a reason to expect this decline to continue. No such decline was seen
for cycle 23, and thus, this predicts that the polar ﬁeld difference by the end of cycle 24 may well be slightly
lower than it was at the end of cycle 23. This would make solar cycle 25 the slightly weaker than cycle 24,
which would be consistent with the most likely prediction from the analogue forecasts based on cosmogenic
isotope data made by Barnard et al. [2011]. At present (December 2016) |BfN| = 38 μT and is currently rising
whereas |BfS| = 51 μT and is currently falling: if we assume they will become equal in magnitude by the end of
cycle 24 (and Figure 13 shows that this has not always been the case for previous cycles), we would
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expect |BfN|≈ |BfS|≈ 45μT. This can be comparedwith the values at the end of cycle 23whichwere |BfN| = 51μT
and |BfS| ≈ 56 μT. The OSF panels in Figures 2–4 explain why this is likely to be the case, even though we have
seen a large, and somewhat unexpected, increase in OSF during the declining phase of cycle 24: the reason is
thatmuch of theOSF emergencewas hemispherically asymmetric and at timeswhen the current sheet tilt was
anomalously low. Both these conditions mean that the reconnection rate in HCS was low which causes
temporary and large rise in OSF but does not advance the polar ﬁeld polarity.
References
Altschuler, M. A., and G. Newkirk (1969), Magnetic ﬁelds and the structure of the solar corona, Sol. Phys., 9, 131–149.
Antiochos, S. K., Z. Mikić, V. S. Titov, R. Lionello, and J. A. Linker (2011), A model for the sources of the slow solar wind, Astrophys. J., 731, 112,
doi:10.1088/0004-637X/731/2/112.
Babcock, H. (1959), The Sun’s polar magnetic ﬁeld, Astrophys. J., 130, 364–365, doi:10.1086/146726.
Babcock, H. (1961), The topology of the Sun’s magnetic ﬁeld and the 22-year cycle, Astrophys. J., 133, 572–589, doi:10.1086/147060.
Balogh, A., R. J. Forsyth, E. A. Lucek, T. S. Horbury, and E. J. Smith (1999), Heliospheric magnetic ﬁeld polarity inversions at high heliographic
latitudes, Geophys. Res. Lett., 26(6), 631–634, doi:10.1029/1999GL900061.
Barnard, L. A., M. Lockwood, M. A. Hapgood, M. J. Owens, C. J. Davis, and F. Steinhilber (2011), Predicting space climate change, Geophys. Res.
Lett., 38, L16103, doi:10.1029/2011GL048489.
Bumba, V., and R. Howard (1965), Large-scale distribution of solar magnetic ﬁelds, Astrophys. J., 141, 1502–1512, doi:10.1086/148238.
Cameron, R. H., M. Dasi-Espuig, J. Jiang, E. Eşik, D. Schmitt, and M. Schüssler (2013), Limits to solar cycle predictability: Cross-equatorial ﬂux
plumes, Astron. Astrophys., 557, 6, doi:10.1051/0004-6361/201321981.
Cameron, R. H., J. Jiang, M. Schüssler, and L. Gizon (2014), Physical causes of solar cycle amplitude variability, J. Geophys. Res. Space Physics,
119, 680–688, doi:10.1002/2013JA019498.
Dasi-Espuig M., S. K. Solanki, N. A. Krivova, R. H. Cameron, and T. Peñuela (2010), Sunspot group tilt angles and the strength of the solar cycle,
Astron. Astrophys., 518, A7, doi:10.1051/0004-6361/201014301.
Dasi-Espuig M., S. K. Solanki, N. A. Krivova, R. H. Cameron, and T. Peñuela (2013), Sunspot group tilt angles and the strength of the solar cycle
(corrigendum), Astron. Astrophys., 56, C3, doi:10.1051/0004-6361/201014301e.
Dósa, M., and G. Erdős (2017), Long-term longitudinal recurrences of the open magnetic ﬂux density in the heliosphere, Astrophys. J., 838(2),
104, doi:10.3847/1538-4357/aa657b.
DeVore, C., N. Richard, R. Sheeley, and J. P. Boris (1984), The concentration of the large-scale solar magnetic ﬁeld by a meridional surface ﬂow,
Sol. Phys., 92(1), 1–14, doi:10.1007/bf00157230.
Giles, P. M., T. L. Duvall, P. H. Scherrer, and R. S. Bogart (1997), A subsurface ﬂow of material from the sun’s equator to its poles, Nature,
390(6655), 52–54, doi:10.1038/36294.
Gnevyshev, M. N. (1963), The corona and the 11-year cycle of solar activity, Sov. Astron., 7(3), 311–318.
Harvey, K. L., and C. Zwaan (1993), Properties and emergence of bipolar active regions, Sol. Phys., 148, 85–118, doi:10.1007/bf00675537.
Hathaway, D. H., and L. Rightmire (2011), Variations in the axisymmetric transport of magnetic elements on the Sun: 1996–2010, Astrophys. J.,
729, 80–89, doi:10.1088/0004-637X/729/2/80.
Jiang, J., D. H. Hathaway, R. H. Cameron, S. K. Solanki, L. Gizon, and L. Upton (2014), Magnetic ﬂux transport at the solar surface, Space Sci. Rev.,
186, 491–452, doi:10.1007/s11214-014-0083-1.
Leighton, R. B. (1964), Transport of magnetic ﬁelds on the Sun, Astrophys. J., 140, 1547–1562, doi:10.1086/148058.
Leighton, R. B. (1969), A magneto-kinematic model of the solar cycle, Astrophys. J., 156, 1–26, doi:10.1086/149943.
Li, K. J. P., X. Gao, L. S. Zhan, and X. J. Shi (2009), The long-term hemispheric sunspot activity, Astrophys. J., 691, 75–82, doi:10.1088/0004-637X/
691/1/75.
Lockwood, M. (2004), Solar outputs, their variations and their effects of Earth, in The Sun, Solar Analogs and the Climate, Proc. Saas-Fee Adv.
Course, vol. 34, edited by I. Rüedi, W. Schmutz, and M. Güdel, pp. 109–306, Springer, Berlin, Heidelberg, doi:10.1007/3-540-27510-x_2.
Lockwood, M. (2013), Reconstruction and prediction of variations in the open solar magnetic ﬂux and interplanetary conditions, Living Rev.
Sol. Phys., 10, 4, doi:10.12942/lrsp-2013-4.
Lockwood, M., and M. J. Owens (2009), The accuracy of using the Ulysses result of the spatial invariance of the radial heliospheric ﬁeld to
compute the open solar ﬂux, Astrophys. J., 701(2), 964–973, doi:10.1088/0004-637X/701/2/964.
Lockwood, M., R. Stamper, and M. N. Wild (1999), A doubling of the sun’s coronal magnetic ﬁeld during the last 100 years, Nature, 399,
437–439, doi:10.1038/20867.
Lockwood, M., R. B. Forsyth, A. Balogh, and D. J. McComas (2004), Open solar ﬂux estimates from near-Earth measurements of the inter-
planetary magnetic ﬁeld: Comparison of the ﬁrst two perihelion passes of the Ulysses spacecraft, Ann. Geophys., 22, 1395–1405,
doi:10.5194/angeo-22-1395-2004.
Lockwood, M., M. J. Owens, and A. P. Rouillard (2009a), Excess open solar magnetic ﬂux from satellite data: I. Analysis of the 3rd perihelion
Ulysses pass, J. Geophys. Res., 114, A11103, doi:10.1029/2009JA014449.
Lockwood, M., A. P. Rouillard, and I. D. Finch (2009b), The rise and fall of open solar ﬂux during the current grand solar maximum, Astrophys.
J., 700(2), 937–944, doi:10.1088/0004-637X/700/2/937.
Lockwood, M., M. J. Owens, and A. P. Rouillard (2009c), Excess open solar magnetic ﬂux from satellite data: II. A survey of kinematic effects,
J. Geophys. Res., 114, A11104, doi:10.1029/2009JA014450.
Lockwood, M., M. J. Owens, L. Barnard, C. J. Davis, and S. Thomas (2012), Solar cycle 24: What is the Sun up to?, Astron. Geophys., 53(3),
3.09–3.15, doi:10.1111/j.1468-4004.2012.53309.x.
Lockwood, M., H. Nevanlinna, L. Barnard, M. J. Owens, R. G. Harrison, A. P. Rouillard, and C. J. Scott (2014), Reconstruction of geomagnetic
activity and near-Earth interplanetary conditions over the past 167 years: 4. Near-Earth solar wind speed, IMF, and open solar ﬂux, Ann.
Geophys., 32, 383–399, doi:10.5194/angeo-32-383-2014.
Mackay, D. H., and M. Lockwood (2002), The evolution of the Sun’s open magnetic ﬂux: II. Full solar cycle simulations, Sol. Phys., 209(2),
287–309, doi:10.1023/A:1021230604497.
Mackay, D. H., and A. R. Yeates (2012), The Sun’s global photospheric and coronal magnetic ﬁelds: Observations and models, Living Rev. Sol.
Phys., 9, 6, doi:10.12942/lrsp-2012-6.
Journal of Geophysical Research: Space Physics 10.1002/2016JA023644
LOCKWOOD ET AL. HELIOSPHERIC MAGNETIC FLUX CIRCULATION 23
Acknowledgments
This work utilizes data from the National
Solar Observatory Integrated Synoptic
Program, which is operated by the
Association of Universities for Research
in Astronomy, under a cooperative
agreement with the National Science
Foundation and with additional ﬁnan-
cial support from the National Oceanic
and Atmospheric Administration, the
National Aeronautics and Space
Administration, and the United States
Air Force. The GONG network of instru-
ments is hosted by the Big Bear Solar
Observatory, High Altitude Observatory,
Learmonth Solar Observatory, Udaipur
Solar Observatory, Instituto de
Astrofísica de Canarias, and Cerro Tololo
Interamerican Observatory. (http://
gong2.nso.edu/). The authors are also
grateful to staff and funders of National
Space Science Data Center for the pro-
vision of the OMNI2 data set (http://
omniweb.gsfc.nasa.gov/html/ow_data.
html). We also thank David Hathaway
and the staff of the Solar Physics Group
at NASA’s Marshall Space Flight Center
for maintaining the online database of
SOON sunspot data (http://solarscience.
msfc.nasa.gov/greenwch.shtml) and the
staff of the Wilcox Solar Observatory
(WSO) for the solar polar ﬁeld data
(http://http://wso.stanford.edu/Polar.
html). The MESSENGER project is sup-
ported by the NASA Discovery Program
under contracts NASW-00002 to the
Carnegie Institution of Washington and
NAS5-97271 to the Johns Hopkins
Applied Physics Laboratory. The data
used in this study are available from the
Planetary Data Center (https://pds.nasa.
gov/). The work at Reading has been
funded by the UK Science and
Technology Facilities Council (STFC)
consolidated grant ST/M000885/1. The
work at Leicester has been funded by
STFC consolidated grant ST/N000749/1.
S.I. is also funded by a Leverhulme
Research Fellowship.
Mackay, D. H., E. R. Priest, and M. Lockwood (2002), The evolution of the Sun’s open magnetic ﬂux: I. A single bipole, Sol. Phys., 207(2),
291–308, doi:10.1023/A:1016249917230.
McClintock, B. H., and A. A. Norton (2013), Recovering Joy’s law as a function of solar cycle, hemisphere, and longitude, Sol. Phys., 287,
215–227, doi:10.1007/s11207-013-0338-0.
Mordvinov A.V., A. A. Pevtsov, L. Bertello, and G. J. D. Petrie (2016), The reversal of the Sun’s magnetic ﬁeld in cycle 24, J. Atmos. Sol. Terr.
Phys., 2(1), 3–13, doi:10.12737/16356.
Muñoz-Jaramillo, A., M. Dasi-Espuig, L. A. Balmaceda, and E. E. DeLuca (2013), Solar cycle propagation, memory, and prediction: Insights from
a century of magnetic proxies, Astrophys. J. Lett., 767, L25, doi:10.1088/2041-8205/767/2/L25.
Nandy, D., and A. R. Choudhuri (2002), Explaining the latitudinal distribution of sunspots with deep meridional ﬂow, Science, 296, 1671–1673,
doi:10.1126/science.1070955.
Nash, A. G., N. R. Sheeley, and Y. M. Wang (1988), Mechanisms for the rigid rotation of coronal holes, Sol. Phys., 117, 359–389, doi:10.1007/
BF00147253.
Norton, A. A., and J. C. Gallagher (2010), Solar-cycle characteristics examined in separate hemispheres: Phase, Gnevyshev gap, and length of
minimum, Sol. Phys., 261, 193, doi:10.1007/s11207-009-9479-6.
Owens, M. J., and N. U. Crooker (2006), Coronal mass ejections and magnetic ﬂux buildup in the heliosphere, J. Geophys. Res., 111, A10104,
doi:10.1029/2006JA011641.
Owens, M. J., and N. U. Crooker (2007), Reconciling the electron counterstreaming and dropout occurrence rates with the heliospheric ﬂux
budget, J. Geophys. Res., 112, A06106, doi:10.1029/2006JA012159.
Owens, M. J., and R. J. Forsyth (2013), The heliospheric magnetic ﬁeld, Living Rev. Sol. Phys., 10, 5, doi:10.12942/lrsp-2013-5.
Owens, M. J., and M. Lockwood (2012), Cyclic loss of open solar ﬂux since 1868: The link to heliospheric current sheet tilt and implications for
the Maunder Minimum, J. Geophys. Res., 117, A04102, doi:10.1029/2011JA017193.
Owens, M. J., N. A. Schwadron, N. U. Crooker, H. E. Spence, and W. J. Hughes (2007), Role of coronal mass ejections in the heliospheric Hale
cycle, Geophys. Res. Lett., 34, L06104, doi:10.1029/2006GL028795.
Owens, M. J., C. N. Arge, N. U. Crooker, N. A. Schwadron, and T. S. Horbury (2008), Estimating total heliospheric magnetic ﬂux from single
point in situ measurements, J. Geophys. Res., 113, A12103, doi:10.1029/2008JA013677.
Owens, M. J., N. U. Crooker, andM. Lockwood (2011a), How is open solar magnetic ﬂux lost over the solar cycle?, J. Geophys. Res., 116, A04111,
doi:10.1029/2010JA016039.
Owens, M. J., M. Lockwood, L. Barnard, and C. J. Davis (2011b), Solar cycle 24: Implications for energetic particles and the probability of a new
Maunder Minimum, Geophys. Res. Lett., 38, L19106, doi:10.1029/2011GL049328.
Parker, E. N. (1955), Hydromagnetic dynamo models, Astrophys. J., 122, 293–314, doi:10.1086/146087.
Petrie, G. J. D., K. Petrovay, and K. Schatten (2014), Solar polar ﬁelds and the 22-year activity cycle: Observations and models, Space Sci. Rev.,
186, 325–357, doi:10.1007/s11214-014-0064-4.
Petrovay, K. (2010), Solar cycle prediction, Living Rev. Sol. Phys., 7, 6, doi:10.12942/lrsp-2010-6.
Schatten, K. H. (1999), Models for coronal and interplanetary magnetic ﬁelds: A critical commentary, in Sun-Earth Plasma Connections,
Geophys. Monogr. Ser., vol. 109, edited by J. L. Burch, R. L. Carovillano, and S. K. Antiochos, pp. 129–142, AGU, Washington, D. C.
Schatten, K. H., and W. D. Pesnell (2012), An early solar dynamo prediction: Cycle 23 ∼ cycle 22, Geophys. Res. Lett., 20, 2275–2278,
doi:10.1029/93GL02431.
Schatten, K. H., J. M. Wilcox, and N. F. Ness (1969), A model of interplanetary and coronal magnetic ﬁelds, PFSS method, Sol. Phys., 6, 442–455,
doi:10.1007/BF00146478.
Schrijver, C. J., and A. M. Title (2001), On the formation of polar spots in Sun-like stars, Astrophys. J., 551, 1099–1106, doi:10.1086/320237.
Schrijver, C. J., and A. M. Title (2003), The magnetic connection between the solar photosphere and the corona, Astrophys. J. Lett., 597(2),
L165–L168, doi:10.1086/379870.
Schrijver, C. J., M. L. DeRosa, and A. M. Title (2002), What is missing from our understanding of long-term solar and heliospheric activity?,
Astrophys. J., 577(1), 1006–1012, doi:10.1086/342247.
Seaton, D. B., A. De Groof, P. Shearer, D. Berghmans, and B. Nicula (2013), SWAP observations of the long-term, large-scale evolution of the
extreme-ultraviolet solar corona, Astrophys. J., 777(1), 72, doi:10.1088/0004-637X/777/1/72.
Sheeley, N. R., Jr. (2005), Surface evolution of the Sun’s magnetic ﬁeld: A historical review of the ﬂux-transport mechanism, Living Rev. Sol.
Phys., 2, 5, doi:10.12942/lrsp-2005-5.
Sheeley, N. R., Jr., and Y.-M. Wang (2001), Coronal inﬂows and sector magnetism, Astrophys. J. Lett., 562, L107–L110, doi:10.1086/338104.
Sheeley, N. R., Jr., and Y.-M. Wang (2002), Characteristics of coronal inﬂows, Astrophys. J., 579(2), 874–887, doi:10.1086/342923.
Sheeley, N. R., Jr., and Y.-M. Wang (2007), In/out pairs and the detachment of coronal streamers, Astrophys. J., 655, 1142–1156, doi:10.1086/
510323.
Sheeley, N. R., C. R. DeVore, and J. P. Boris (1985), Simulations of the mean solar magnetic ﬁeld during sunspot cycle 21, Sol. Phys., 98(2),
219–239, doi:10.1007/bf00152457.
Sheeley, N. R., A. G. Nash, and Y.-M. Wang (1987), The origin of rigidly rotating magnetic ﬁeld patterns on the Sun, Astrophys. J., 319, 481–502,
doi:10.1086/165472.
Sheeley, N. R., Jr., T. N. Knudson, and Y.-M. Wang (2001), Coronal inﬂows and the Sun’s nonaxisymmetric open ﬂux, Astrophys. J., 546,
L131–L135, doi:10.1086/318873.
Scherrer, P. H., J. M. Wilcox, L. Svalgaard, T. L. Duvall Jr., P. H. Dittmer, and E. K. Gustafson (1977), The mean magnetic ﬁeld of the sun—
Observations at Stanford, Sol. Phys., 54, 353–361, doi:10.1007/BF00159925.
Storini, M., S. Pase, J. Sýkora, and M. Parisi (1997), Two components of cosmic-ray modulation, Sol. Phys., 172(1), 317–325, doi:10.1023/
A:1004955112216.
Sun, X. D., J. T. Hoeksema, Y. Liu, and J. W. Zhao (2015), On polar magnetic ﬁeld reversal and surface ﬂux transport during solar cycle 24,
Astrophys. J., 798(2), 114, doi:10.1088/0004-637X/798/2/114.
Švanda, M., A. G. Kosovichev, and J. Zhao (2007), Speed of meridional ﬂows and magnetic ﬂux transport on the Sun, Astrophys. J. Lett., 670,
L69–L72, doi:10.1086/524059.
Svalgaard, L., E. W. Cliver, and Y. Kamide (2005), Sunspot cycle 24: Smallest cycle in 100 years?, Geophys. Res. Lett., 32, L01104, doi:10.1029/
2005JA011459.
Ulrich, R. K. (2010), Solar meridional circulation from doppler shifts of the Fe I line at 5250Å as measured by the 150-foot solar tower tele-
scope at the Mt. Wilson Observatory, Astrophys. J., 725, 658–669, doi:10.1088/0004-637X/725/1/658.
van Ballegooijen, A. A., N. P. Cartledge, and E. R. Priest (1998), Magnetic ﬂux transport and the formation of ﬁlament channels on the Sun,
Astrophys. J., 501, 866–881, doi:10.1086/305823.
Journal of Geophysical Research: Space Physics 10.1002/2016JA023644
LOCKWOOD ET AL. HELIOSPHERIC MAGNETIC FLUX CIRCULATION 24
Waldmeier, M. (1957), Der lange Sonnenzyklus. Mit 3 Textabbildungen, Z. Astrophys., 43, 149–160.
Wang, Y.-M. (2016), Surface ﬂux transport and the evolution of the Sun’s polar ﬁelds, Space Sci. Rev., 1–15, doi:10.1007/s11214-016-0257-0.
Wang, Y.-M., and N. R. Sheeley (1989), Average properties of bipolar magnetic regions during sunspot cycle 21, Sol. Phys., 124, 81–100,
doi:10.1007/bf00146521.
Wang, Y.-M., and N. R. Sheeley Jr. (1991), Magnetic ﬂux transport and the sun’s dipole moment—New twists to the Babcock-Leighton model,
Astrophys. J., 375, 761–770, doi:10.1086/170240.
Wang, Y.-M., and N. R. Sheeley Jr. (1993), Understanding the rotation of coronal holes, Astrophys. J., 414, 916–927, doi:10.1086/173135.
Wang, Y.-M., and N. R. Sheeley Jr. (2004), Footpoint switching and the evolution of coronal holes, Astrophys. J., 612, 1196–1205, doi:10.1086/
422711.
Wang, Y.-M., and N. R. Sheeley, Jr. (2016a), Coronal mass ejections and the solar cycle variation of the Sun’s open ﬂux, Astrophys. J. Lett.,
809(2), L24, doi:10.1088/2041-8205/809/2/L24.
Wang, Y.-M., and N. R. Sheeley, Jr. (2016b), The recent rejuvenation of the sun’s large-scale magnetic ﬁeld: A clue for understanding past and
future sunspot cycles, Astrophys. J., 809(2), 113, doi:10.1088/0004-637X/809/2/113.
Wang, Y.-M., N. R. Sheeley Jr., and J. Lean (2000), Understanding the evolution of Sun’s magnetic ﬂux, Geophys. Res. Lett., 27, 621–624,
doi:10.1029/1999GL010759.
Wang, Y.-M., J. Lean, and N. R. Sheeley Jr. (2002), Role of a variable meridional ﬂow in the secular evolution of the Sun’s polar ﬁelds and open
ﬂux, Astrophys. J., 577, L53–L57, doi:10.1086/344196.
Wang, Y.-M., E. Robbrecht, and N. R. Sheeley Jr. (2009), On the weakening of the polar magnetic ﬁelds during solar cycle 23, Astrophys. J.,
707(2), 1372–1386, doi:10.1088/0004-637X/707/2/1372.
Winslow, R. M., B. J. Anderson, C. L. Johnson, J. A. Slavin, H. Korth, M. E. Purucker, D. N. Baker, and S. C. Solomon (2013), Mercury’s magne-
topause and bow shock from MESSENGER magnetometer observations, J. Geophys. Res. Space Physics, 118, 2213–2227, doi:10.1002/
jgra.50237.
Yeates, A. R., D. H. Mackay, and A. A. van Ballegooijen (2008), Evolution and distribution of current helicity in full-sun simulations, Astrophys. J.
Lett., 680, L165–L168, doi:10.1086/590057.
Yeates, A. R., D. H. Mackay, A. A. van Ballegooijen, and J. A. Constable (2010), A nonpotential model for the Sun’s open magnetic ﬂux,
J. Geophys. Res., 115, A09112, doi:10.1029/2010JA015611.
Yeates, A. R., D. Baker, and L. van Driel-Gesztelyi (2015), Source of a prominent poleward surge during cycle 24, solar, Sol. Phys., 290,
3189–3201, doi:10.1007/s11207-015-0660-9.
Zhao, J., and A. G. Kosovichev (2004), Torsional oscillation, meridional ﬂows, and vorticity inferred in the upper convection zone of the Sun by
time-distance helioseismology, Astrophys. J., 603, 776–784, doi:10.1086/381489.
Zolotova, N. V., and D. I. Ponyavin (2006), Phase asynchrony of the north-south sunspot activity, Astron. Astrophys., 449, L1–L4, doi:10.1051/
0004-6361:200600013.
Zolotova, N. V., and D. I. Ponyavin (2012), Model of poleward magnetic ﬁeld streams from sunspot butterﬂies, Proc. Int. Astron. Union, 8(S294),
87–92, doi:10.1017/s1743921313002317.
Journal of Geophysical Research: Space Physics 10.1002/2016JA023644
LOCKWOOD ET AL. HELIOSPHERIC MAGNETIC FLUX CIRCULATION 25
